University of Vermont

UVM ScholarWorks
Graduate College Dissertations and Theses

Dissertations and Theses

2008

Synthesis and Characterization of New Mesoporous Materials
and their Application in Catalysis and Adsorption
Sean Solberg
University of Vermont

Follow this and additional works at: https://scholarworks.uvm.edu/graddis

Recommended Citation
Solberg, Sean, "Synthesis and Characterization of New Mesoporous Materials and their Application in
Catalysis and Adsorption" (2008). Graduate College Dissertations and Theses. 219.
https://scholarworks.uvm.edu/graddis/219

This Dissertation is brought to you for free and open access by the Dissertations and Theses at UVM
ScholarWorks. It has been accepted for inclusion in Graduate College Dissertations and Theses by an authorized
administrator of UVM ScholarWorks. For more information, please contact scholarworks@uvm.edu.

SYNTHESIS AND CHARACTERIZATION OF NEW MESOPOROUS
MATERIALS AND THEIR APPLICATION IN CATALYSIS AND ADSORPTION

A Dissertation Presented
by
Sean M. Solberg
to
The Faculty of the Graduate College
of
The University of Vermont

In Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy
Specializing in Chemistry

October, 2008

Accepted by the Faculty of the Graduate College, The University of Vermont, in
partial fulfillment of the requirements for the degree of Doctor of Philosophy,
specializing in Chemistry.

Dissertation Examination Committee:
Advisor

h n & l A. Savin, Ph.D.

Rory Waterman, Ph.D.
Chairperson
Kelvin Chu, Ph.33.

kdces E. Carr, iPR;ZI.

Date: May 12,2008

-

Vice President for Research
and Dean of Graduate Studies

Abstract
Materials chemistry represents a very broad, but extremely applicable field of
study to everyday life. Since many of the useful applications of these ‘sponge-like’
porous materials are dependent on the amount of surface area, the development and use
of highly-porous materials with tremendous surface areas significantly enhances the
effectiveness of these materials. Examples of such traditional applications include
adsorption, separation, and catalytic applications. The study of porous materials has
brought the ability to accurately synthesize and modify these materials to meet specific
application requirements.
The field of porous materials has been traditionally dominated by many “natural”
or traditionally inspired materials such as zeolites and porous carbon materials. Although
very effective, these materials have very small pore-windows that prevent their
application in all but very small molecule applications. This limitation drove the
development of large pore-window materials in the 1990s, known as mesoporous
materials. Mesoporous materials are defined by IUPAC as possessing pore-openings
between 20 and 500 Å. This much broader size-range spurred the use of mesoporous
materials into other applications, including large-molecule heterogeneous catalysis and
biomedical applications.
Chapter one of this dissertation presents an introduction to the field of
mesoporous materials, with both silica based and carbon based materials covered.
Chapter two and three cover the development of a new mesoporous/microporous silica
material. The purpose of this material was to combines the advantages of both types of
materials, namely the large pore-opening of mesoporous materials with the stability of a
traditional microporous material. The combined material, named MMM-2, is doped with
titanium heteroatoms for use in catalytic reactions. The chapter presents a thorough study
of the synthesis and characterization of MMM-2 along with its application as a more
effective catalysis in the oxidation of cyclohexene.
Chapters four and five further extend the work on the MMM-2 materials by
incorporating aluminum into the silica framework to form a solid acid-catalyst. Again,
thorough treatment is given to the synthesis and characterization of this material. AlMMM-2 is shown to possess unique structural properties relative to the pure mesoporous
and microporous materials that it is related to. Moreover, Al-MMM-2 is shown to be
more effective in acid-catalysis reactions as well as possessing improved structural
stability upon the reuse of the material in successive reaction cycles.
Chapters six and seven cover the use of the mesoporous material, APMS in the
adsorption and delivery of DNA. APMS, which is spherically shaped, is shown to be an
effective adsorbant of DNA into its internal pores with adsorption determined to be
dependent on several factors such as the ionic environment, pore size, and surface
characteristics.
Finally, chapter eight covers the templated synthesis and characterization of a
new, spherically shaped, porous carbon material. This material, based upon APMS,
provides tremendous increase in surface area and pore volume relative to its silica parent.
The large increase in the physical properties provides enhanced adsorption of DNA.
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1.

Introduction to Nanoporous Materials
This dissertation presents research focused in the field of materials chemistry,

with a specific emphasis on nanoporous materials. A brief overview of nanoporous
materials will be given to explain the importance of the work contained in this
dissertation.

1.1

Porous Materials and their Applications
The International Union of Pure and Applied Chemists (IUPAC) has classified

porous materials into three categories depending on the diameter of the pore opening.
The three classifications include the well studied microporous, and macroporous
materials, as well as the newer field of mesoporous materials.1

1.2

Microporous Materials
Microporous materials are defined as having pore diameters of less than 20 Å.

The most common examples are the naturally occurring zeolites, with over forty types
identified. Chemically, zeolites are aluminosilicates with a typical molecular formula of
M1/n·AlO2·ySiO2·wH2O, where M is the charge compensating metal, w represents the
moles of water contained in the framework voids, and y > 1 since no Al-O-Al bonds are
permitted in a zeolite.2

Zeolites are formed in nature when inorganic species are

polymerized around metal ions such as Na+, K+, Ca2+, or Mg2+ under alkali conditions.
Volcanic rock and ash deposited in the high pH lake beds provides the most common
location of natural zeolite formation.3 Silicon, the second most abundant element in the

1

Earth, forms the framework for these naturally occurring materials. In general, silicon
based materials are typically found in combination with oxygen atoms to form an
extended network such as silicon dioxide (SiO2), or silica. The material has long been
recognized for its hardness and heat stability, with historical references as early as the
ninth century.4 Silica consists of a central silicon atom surrounded by four oxygen atoms
in a tetrahedral orientation, as shown in Figure 1-1.

Figure 1-1. The silica tetrahedron.
The tetrahedral monomer typically exists in extended networks in which each
silicon atom shares one or more oxygens with neighboring silicon atoms. Commonly, it
is represented in a shorthand notation whereby silicon atoms are represented at the
intersection of two lines, as shown in Figure 1-2.

Figure 1-2. Shorthand representation of an extended silica network.
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In addition to the natural zeolites, over 150 types of synthetic zeolites have been
reported.5

In a typical synthesis of a zeolite, a cationic organic template such as

tetrapropylammonium bromide (Figure 1-3) is added to an alkali solution of sodium
silicate (often with sodium aluminate) and the suspension is heated. Heat drives the
formation of tetrahedral clusters in the reaction, which are referred to as primary building
units. By varying the pH, temperature, and heating time, the primary units assemble
around the organic template or into various secondary building units. For example,
Figure 1-4 demonstrates how the secondary building unit of the SBU “sodalite” type
zeolite is formed by the collection of eight hexagonal primary building units. Several of
these cages can then assemble into structures such as the Linde type A zeolite. The SiO4
tetrahedra are charged balanced but an AlO4 tetrahedron in an aluminosilicate carries a ‘1’ formal charge that is compensated by a counterion or the template.6 In the final step,
the organic template is burned away by heating to high temperature (550 oC) under
oxygen. This process is called “calcination”. The remaining porous framework carries a
net negative charge that is charged balanced with a metal cation, or the material can be
protonated with H+ atoms to form an acid-catalyst that can be used in such applications as
hydrocarbon cracking,7 for example.

Figure 1-3. The synthesis of a zeolite around an organic template.8
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Figure 1-4. Secondary building block of a zeolite and their organization into a Linde
type A zeolite.9

The porous voids and charged surfaces of zeolites and related microporous
materials makes them useful for commercial applications5 such as ion-exchange beds,
water purification and softening, and adsorption, while the surface acidity of some
materials makes them useful in heterogeneous chemical catalysts. Zeolites are also often
used as molecular sieves- a material that is able to selectively separate molecules based
on shape and size.10 For example, 4A type zeolites are useful for adsorbing small polar
molecules such as H2O, CO2, SO2 and H2S from non-polar hydrocarbons such as C3H8
and higher.11

1.3

Mesoporous Materials
Although the vast amount of research and commercial development has been

performed on silica-based mesoporous materials, examples of niobium, tantalum,
titanium, zirconium, cerium, tin, and carbon-based materials have been reported.12 Silica
materials remain the most popular because of their outstanding physical properties, ease
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of synthesis, and ability to modify their surfaces with functional groups- a result of the
numerous reactive silanol groups found on amorphous silicates.

1.3.1 Mesoporous Silica Materials
In addition to the aforementioned zeolites, silica is commonly used commercially
as silica gel. Silica gel is an amorphous material with pores typically larger than 20 Å.
Materials such as these, with pore diameters between 20 Å – 500 Å are classified as
mesoporous. Commercially, silica is prepared through the polymerization of silicic acid,
Si(OH)4. Silicic acid has a strong tendency to form a network of siloxane (Si-O-Si)
bonds with a large number of uncondensed silanol (Si-O-H) groups.4 The synthesis is
accomplished by the reaction of sodium silicate with a mineral acid such as HCl:13
Na 2SiO 3 + 2HCl + nH 2 O 
→ 2NaCl + SiO 2 ⋅ nH 2 O + H 2 O

(1)

The hydrosol then polymerizes into a white precipitate, which is silica gel.
In the early nineties, Beck et al.14,
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succeeded in synthesizing a new type of

ordered mesoporous silica/aluminsilicate materials through the hydrothermal formation
of silica gel in the presence of organic surfactants.
material’s synthesis is shown in Figure 1-5.

A qualitative description of the

Generally, a quaternary ammonium

surfactant self-assembles in solution to form three-dimensional ordered micelles.
Although the concentration of the surfactant is below its critical micelle concentration,
cooperative interaction between the surfactant and the growing inorganic colloids leads to
localized areas of high-concentration, allowing the formation of micelles in a process
called ‘cooperative nucleation’.16 The micelles then organize into three-dimensional

5

liquid-crystal arrays.

Finally, the silicate precursors condense on the walls of the

template and the organic surfactant can be removed by calcination at high-temperature.

Figure 1-5. Mechanistic pathways to the formation of MCM-41 (1) liquid crystal, and
(2) silicate anion initiated.14

The formation of the liquid crystal array is driven by thermodynamic forces and
the micelles are able to arrange into distinct energy minimizing phases.

The most

common structural phases include hexagonal, cubic, and lamellar- all of which were first
represented in the ‘M41S’ class of materials by MCM-41, MCM-48, and MCM-50,
respectively. Examples are shown in Figure 1-6. The type of phase that results from the
synthesis is dependent on numerous conditions including: surfactant type, pH,
temperature, and additives.17 Specifically, the nature of the surfactant headgroup, alkyl
chain length, counterion, and silica/surfactant ratio are all known to affect the phase of
the resulting material.18 All of these materials represent significant improvements in the
physical properties of porous silica materials, with surface areas of greater than 1000
m2/g and pore volumes of more than 1.0 cc/g possible.
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Figure 1-6. Micelle aggregation into the (a) hexagonal MCM-41, (b) cubic MCM-48,
and (c) lamellar MCM-50.19

Mesoporous silica materials can be synthesized by a variety of techniques. In
general, these synthetic methods can be classified as either acid-prepared or baseprepared.

1.3.1.1 Synthesis in Basic Solution
The first description of the M41S family of mesoporous materials by Mobil
researchers used a synthetic route in basic solution. The positive charge of the surfactant
cetyltrimethylammonium bromide, CH3(CH2)15NH3Br, provided a charge-compensating
surface upon which the growing silica polymer would assemble; in short-hand “S+I-”
(cationic surfactant / anionic silicate). Specifically, the synthesis used an alkoxysilane
such as tetraethyl orthosilicate (TEOS). Under basic pH conditions, TEOS hydrolyzes
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and condenses into anionic oligomers. These oligomers then self-assemble around the
positively charged micelle. In addition to the driving force of the electrostatic chargeneutralization, the self-assembly is also promoted by the van der Waals interactions of the
hydrophobic surfactant tails.14 A general depiction of mesoporous material formation is
shown in Figure 1-7.

(a)

(b)

Figure 1-7. Synthesis of a mesoporous material in (a) basic and (b) acidic solution.

1.3.1.2 Synthesis in Acidic Solution
Stucky first demonstrated the synthesis of a mesoporous material in acidic
solution.20 These materials are named “SBA” (Santa Barbara) and consist of cubic
(SBA-1) and hexagonal (SBA-3, SBA-15) phases. These materials are formed through
an “S+X-I+” scheme (cationic surfactant / halide intermediary / cationic silicate) as shown
in Figure 1-7. Under acidic conditions, TEOS is able to hydrolyze and condense into
cationic oligomers. These oligomers then further condense around the self-assembled
micelle via a charge compensating halide anion monolayer. Stucky and co-workers have
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studied the fundamental differences in the assembly and formation of mesoporous
materials under acidic conditions.16

1.3.2 Mesoporous Carbon
The development of the silica based mesoporous materials was seen as a major
breakthrough for creating advanced materials. Although most of the work was performed
initially on silica, researchers quickly discovered the possibility of preparing other
nanostructured materials. Notably, carbon materials with narrow pore size distributions
and pore ordering were desirable for applications that would not be sufficient for silica
based materials. These include adsorption processes in aqueous systems, reverse-phase
chromatography, hydrogen storage media, catalyst supports for biomolecules, and
electoral conductors for sensors. Porous carbon has actually been utilized for many
years, most commonly in the form of microporous activated carbons. However, many of
the performance limitations that plagued silica-based microporous materials also pushed
the development of mesoporous carbon materials.

1.3.2.1 Carbon Materials-Activated Carbon
Activated carbon materials are the most widely used sorbents. Their synthesis
and use dates back to the nineteenth century when pyrolyzed charcoal was recognized as
an efficient adsorbent.21 These materials are generally microporous in nature, but may
have pore diameters that extend into the mesoporous range.
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Activated carbon materials are commonly manufactured in two steps. The first
step involves the pyrolysis of a carbonaceous source such as wood or coal under an inert
atmosphere at high temperature.

The second step activates, or oxidizes the carbon

surface under a flow of a mild oxidizing agent such as CO2 or O2. Activated carbons find
application in gas purification, metal extraction, water purification, medicine, sewage
treatment, air filters in gas masks and filter masks.22

1.3.2.2 Carbon Materials- Templated Synthesis of Mesoporous Materials
Several years after the initial description of mesoporous silica materials, Ryoo et
al. first described the templated synthesis of a mesoporous carbon material.23 Their
methodology was centered on the idea of a nano-casting route, in which a mesoporous
silica material is utilized as a sacrificial core to produce an inverse carbon replica of the
original material. The silica material used in this study was the hexagonally ordered
SBA-15 material. A graphical presentation of the synthetic strategy is shown in Figure 18. This methodology was actually first described as early as 1986 by Knox, who utilized
silica gel as the sacrificial material.24 The key advantage to the new method was the
ability to control both the pore size distribution of the carbon material as well as the
three-dimensional pore ordering.
In general, the replica nano-casting process consists of several steps. First, the
pores of the silica parent are saturated with a polymerizable precursor such as sucrose or
furfuryl alcohol. If the amount of monomer solution used is very small, simple capillary
action will tend to pull the monomer solution into the pores in a process called incipient
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wetness.25 If a larger volume of solution is used, wet impregnation of the silica material
will occur due to the interactions between the monomer and the silica walls such as
hydrogen bonding, as well as from hydrophobic/hydrophilic interactions that are
accelerated by the choice of solvent. In the second step, heat treatment allows the
formation of oligomers and polymers within the pores of the silica material.

The

following step involves heating the material to ~800-1000 oC under flowing nitrogen.
This step pyrolyzes the polymer leaving behind a carbon material with varying degrees of
amorphous and graphitic framwork. Finally, the silica framework is dissolved away by
soaking the material in either HF or NaOH, leaving behind the porous carbon framework.
The carbon replicas typically retain the ordering of the parent material and possess
incredible physical characteristics. For example, surface areas of more than 2000 m2/g
and pore volumes of more than 2.0 cc/g have been reported,25 which represent much
higher values then is possible for mesoporous silica materials.

Figure 1-8.

Graphical depiction of the templated synthesis of replica carbon

materials.
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Characterization of the porous carbon is similar to porous silica. The X-ray
diffraction pattern for the carbon replica will be similar to the parent silica although a
small amount of structural shrinkage commonly occurs during pyrolysis.23
After the initial report that described the formation of CMK-5 from SBA-15,
many other mesoporous silica materials were used as templates, including: MCM-41,26
MCM-48,27 SBA-3,28 FDU-5,29 and KIT-6.30 Other groups have shown the flexibility
that this synthetic route affords by incorporating metal

1.4

Macroporous Materials
The final classification of porous materials includes those with pore diameters

greater than 500 Å, termed macroporous. As the name implies, these materials have very
large pore diameters that are sought after due to the ease of mass transfer of guest
molecules. These materials have been studied for potential applications as catalyst
supports,31 separation materials,32 and thermal insulators.33
Macroporous materials are synthesized through a variety of methods including
emulsion templating34 and the spherical array templating method.35,

36

The former

method consists of an emulsion of uniform oil spheres in a solvent such as water. The
spheres are then used as a surface for the deposition of inorganic species. The material is
then dried and heat treated to leave a porous network. In the latter method, a non-porous
sacrificial spherical template such as latex or polystyrene spheres (150-1000 nm) are
packed into an ordered array. Addition of a silicon alkoxide solution allows hydrolysis
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and condensation around the spheres. The template can then be removed by thermal
degradation of the composite leaving a macroporous solid (Figure 1-9).

Figure 1-9. Spherical templating method for creation of macroporous solid.37

1.5

Characterization of Porous Materials

1.5.1 Powder X-Ray Diffraction (XRD)
Powder X-ray diffraction is one of the most common techniques for
characterizing the structure of nanoporous materials. XRD provides a characteristic
‘fingerprint’ of a sample that can be used to identify how a material’s atoms pack as well
as the inter-atomic distances and angles. It is one of the most powerful techniques
available to materials chemists.
A schematic representation of an XRD instrument is shown in Figure 1-10.
Analysis is begun by placing a flattened specimen between a X-ray source and a detector.
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X-rays are generated by creating a large accelerating voltage across a metal target.
Copper is the most commonly used X-ray source, with the wavelength of its strongest
radiation (Kα) at approximately 1.54 Å. Analysis is carried out by varying the angle
between the X-ray source and the sample. The X-rays are detected on the opposite side
with a detector such as a scintillation counter.

Figure 1-10. General experimental representation of a powder X-ray diffractometer.

The principles behind XRD have been known for almost 100 years. In general,
X-rays fired at a sample are usually reflected off the sample and scattered in all directions
(destructive interference). As the angle of incident rays is varied, the reflected rays will
occasionally interact constructively (cooperative interference) to form a diffracted beam,
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depending on the ordering within the solid. The relationship between can described by
Bragg’s law:38
nλ = 2d sin Θ

(2)

where n is an order of reflection (1,2,3…), λ is the wavelength of the X-ray, d is the
spacing between the planes in the atomic lattice, and θ is the angle between the incident
ray and the scattering planes. A graphical image of this is shown in Figure 1-11. When
incoming X-rays strike successive parallel layers of the crystal lattice, the lower beam in
the figure will travel an extra distance, AB + BC, if the two beams are to continue
traveling in parallel.

This extra distance must be an integral (n) multiple of the

wavelength (λ) for the phases of the two beams to be the same. Expressed symbolically:
nλ = AB +BC

(3)

Recognizing that the distance AB + BC can be related to the lattice spacing, d, and the
angle, θ, one can make the trigonometric equality
AB = d sinθ

(4)

Because the distance AB = BC, Equation (3) above can be reduced to nλ = 2AB.
Combining this with equation (4) yields the Bragg equation related above as (2). The
interference is constructive when the phase shift is a multiple of 2π.
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Figure 1-11. Diagram of the lattice planes and the extra distance traveled by incident
X-ray beams.39

When the Bragg equation is satisfied, the XRD detector records peaks of
increased intensity. The final plot represents a scan over a pre-designated range of
incident angles, θ, and the corresponding detector intensity.
Analysis of porous materials with XRD is useful for determining the long-range
pore ordering of the material.

The resulting diffraction pattern is a result of the

orientation of pores relative to each other.

Microporous materials such as zeolites

typically possess atomic level ordering; thus the diffraction pattern reveals the atomic
crystal lattice with reflections occurring at 2θ ≈ 20o. For mesoporous materials, in which
the d-spacing can be very large (across nanometer sized pores), the reflections that satisfy
the Bragg equation typically appear at much lower angles, e.g. in the 2θ = 0.5-10o range.
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In both cases, the peak position can be used to identify the lattice parameters (a, b, and c)
and angles (α, β, γ) that define a unit cell (Figure 1-12).

Figure 1-12. Lattice parameters and angles for a unit cell.

Each of the planes that is described using the Miller indices (h, k, l), can be used to find
the lattice parameter. For example, in a cubic phase, a = b = c and the dhkl is:
d hkl =

ao
h2 + k 2 + l 2

(5)

1.5.2 N2 Physisorption
N2 physisorption is probably the most commonly used technique for
characterizing porous materials.13 The technique yields information about a material’s
surface area, average pore diameter, and pore volume. The fundamental process behind
this technique is the physisorption of an adsorbate molecule such as nitrogen to a solid
surface where the main forces for adsorption are intermolecular van der Waals type
forces.
The analysis of a sample is conducted by first removing any water that has
adsorbed to the sample surface by heating the sample to at least 150 oC under flowing
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nitrogen. The glass tube containing the sample is then immersed in liquid N2 (-196 oC) as
doses of gaseous nitrogen are admitted to the tube and the resulting pressure is measured.
The amount of nitrogen adsorbed can be calculated from the difference in the pressure
inside the tube before and after the dose. The amounts of adsorbed gas and the relative
pressures (P/Po) are plotted together creating an adsorption isotherm.

Typically a

desorption isotherm is also plotted, which is generated by monitoring the relative
pressure as the liquid nitrogen is evaporated from the pores.
Four distinct types of isotherms have been classified by IUPAC.40 The general
shapes of these isotherms are shown in Figure 1-12. In general, microporous materials
show type I isotherms, mesoporous materials show type IV and V isotherms, while
nonporous or macroporous materials show type II, III, and VI isotherms.

Figure 1-13. Types of physisorption isotherms.40
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A type IV isotherm generated by the adsorption of nitrogen to a mesoporous
material consists of three distinctive areas.

The first ‘discontinuity’ in the isotherm

curve indicates the point where the first monolayer of nitrogen molecules has adsorbed to
the solid surface. Using the Brunauer-Emmett-Teller (BET) equation, the total surface
area can be calculated.41 This equation describes the infinite build up of monolayers on
solid surfaces with Langmuir42 type adsorption behavior. The expression is:

1
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where P and P0 are the equilibrium and the saturation pressure of adsorbates at the
temperature of adsorption, v is the quantity of adsorbed gas, vm is the monolayer adsorbed
 P
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range of 0.05 < P/Po < 0.35 yields a straight line with the slope and y-intercept equal to
c −1
1
and
respectively. From these quantities, vm and c can be determined and
ν mc
ν mc
finally the surface area is related to the average cross sectional area of the adsorbent gas,
s (1.62 nm2 for N2):
S BET =

ν m Ns
Va

(7)

where SBET is the surface area, N is Avogadro’s number, V and a are the molar volume
and weight of the adsorbed gas, respectively.
The second region of importance in the isotherm is the capillary condensation
step. This is the region where the N2 gas is rapidly adsorbed as multiple monolayers to
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fill the remaining pore volume. The information from this region can be used to develop
an average pore size distribution since the volume of pores with a given diameter is
related to the relative pressure and the amount of nitrogen adsorbed at that pressure.
Therefore, the slope of the capillary condensation step is related to of the pore size
distribution. The Barret-Joyner-Halenda43 (BJH) method is most common method for
determining pore size distributions from this data. This classical method is based on the
Kelvin equation that relates the pore diameter with the pressure at which capillary
condensation occurs. This equation is:
ln

P
2γV
=−
Po
rRT

(8)

where r is the radius of droplet and γ is the surface tension of the droplet. Specifically,
during capillary condensation, all the pores with radii smaller than a given diameter
become filled at a particular N2 pressure and the cumulative pore volume is obtained by
assuming that the pores are filled by a liquid. The pore size distribution is then obtained
by taking the derivative of this cumulative pore volume as a function of pore radius.
This method has been noted to underestimate the average pore size of some mesopores44
since the pore radius given by the Kelvin equation yields the pore space confined by the
adsorbed film. The more recent Kruk-Jaroniec-Sayari (KJS) introduces a correction for
the statistical film thickness of the adsorbed layer.45
The last region of interest on the isotherm is the area where pore saturation occurs
and adsorption can only occur on the external surface of the particles. Information from
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this region indicates the textural characteristics of the material and as can also be used to
calculate the total pore volume of the material.
Typically, after the adsorption isotherm is measured, the adsorbed nitrogen is
allowed to desorb from the material and the resulting desorption isotherm is measured
and plotted. Deviation between the two isotherm shapes indicates that the mechanism of
adsorption and desorption are different. Such ‘hysteresis’ at low P/Po typically indicates
that a materials’ pores are not cylindrical in shape; instead they may be described as “inkbottle” shaped with pore entrances that are smaller than the pore’s interior. Hysteresis is
typically observed for materials with pore diameter larger than ~40 Å.

1.5.3 Solid-State Magic Angle Nuclear Magnetic Resonance (MAS-NMR)
Magic-angle spinning solid-state nuclear magnetic resonance is a powerful tool
for probing the local coordination environments of different atoms in solids.

This

technique allows users to use conventional NMR techniques on solid-state samples.
Generally, the magnetic field of an NMR causes molecules to experience three main
interactions: dipolar, chemical shift anisotropy, and quadrupolar. In the liquid phase,
most of these interactions will average out because of the rapid time-averaged molecular
motion that occurs.46 However, condensed phase materials are not in constant motion,
leading to very broad and featureless resonance peaks. Because the interactions that
cause line broadening have an angular dependence, placing the solid sample at an angle
that minimizes the interactions sharpens the features. This angle is determined from the
following relationship:
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cos 2 Θ = 1 3

(9)

where θ is the angle between the sample and the applied magnetic field. Therefore, if θ =
54.74o, cos2(54.74o) -1/3 = 0. Spinning the sample at high speed (>3000 Hz) reduces the
orientation distortion caused by the static solid sample. Upon measurement, the nuclear
dipole-dipole interactions average to zero while the important nuclear-electron
interaction, chemical shift anisotropy, averages to a non-zero value yielding information
about the chemical environment of the atoms within the solid.39
A MAS-NMR experiment is conducted by packing a solid sample into a zirconia
rotor and spinning the rotor via an air turbine. For 29Si MAS-NMR, peaks are a typically
referenced relative to 3-(trimethylsilyl)-1-propanesulfonic acid sodium sulfate at 0 ppm.
Standard notation for describing the environment surrounding each silicon atom follows
the M, Dl, Tm, and Qn format, which corresponds to mono, di, tri, and quaternary oxygen
substitutions for heteroatoms, often alkyl ‘R’ groups, while the superscript indicates the
number of -O-Si substitutions on the silicon atom.47 For example, a Q4 peak indicates a
Si-(OSi)4 environment, while a T3 peak indicates a single oxygen replacement such as RSi-(OSi)3. Overall, the generalized expressions are as follows: Qn = Si(OSi)n(OR)4-n with
n = 1-4, Tm = RSi(OSi)m(OR)3-m with (m = 1-3), Dl = R2Si(OSi)l(OR)2-l with (l = 1-2).
Graphical depictions of this convention are shown in Figure 1-14.
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Figure 1-14. Structures of silanes with their corresponding M, D, T, Q notation and
approximate chemical shifts relative to 3-(trimethylsilyl)-1-propanesulfonic acid
sodium sulfate as well an example spectra of 29Si MAS-NMR.48

Additionally, for aluminosilicate samples, it is often important to probe the
chemical environment of the Al atoms in order to determine the Brønsted acidity of the
sample. Similar to
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Si MAS-NMR,
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Al MAS-NMR can be performed on samples to

probe the local environment of aluminum atoms in a solid.

In this technique, an

octahedrally coordinated, charge neutral, reference aluminum sample, such as
Al(NO3)3·18H2O, produces a single peak that is set to 0 ppm. Tetrahedrally coordinated
aluminum atoms, which have four neighboring oxygen atoms, appear as a single peak
around 70 ppm. These aluminum atoms have a net negative formal charge that must be
compensated for by mineral cation or proton. The presence of the minerals or protons
give an aluminosilicate its desirable properties for ion-exchange and catalytic
applications.
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1.5.4 Temperature Programmed Desorption (TPD)
Temperature programmed desorption is one of the most widely used techniques
for characterizing heterogeneous catalysts, especially the acid sites on oxide surfaces.49
This information is important because the strength of the acid site is related to the
performance of the catalyst. In particular, the reaction rates of hydrocarbon processing
reactions increase with amount of Al in a silica sample, mainly due to the increase in
Brønsted acid sites on the sample. A typical TPD set-up consists of a glass sample tube
that is equipped to allow a flowing gas to be passed through it as well as a furnace and
detector to monitor the effluent gas. The most common detector is a thermal conductivity
detector (TCD).
TPD analysis is carried out by first pre-heating a sample under flowing nitrogen
to high temperature (>200 oC) in order to remove adsorbed water from the surface. After
the sample is cooled, a reactive molecular probe such as pyridine or ammonia is passed
over the sample in a flow of a carrier gas. If the molecular probe is a liquid at room
temperature, use of a vapor generator is necessary. For quantitative determination of the
acid sites, measured pulses of the probe are introduced and the difference in the amount
introduced and exiting the sample tube is indicative of the number of acid sites present.
Alternatively, the sample may be saturated with gas until the detector signal is stable
indicating that a maximum amount of the gas has been adsorbed. The most common
molecular probes are reactive amines such as ammonia or pyridine. Finally, the sample is
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heated at a controlled heating rate and the TCD signal is monitored as a function of the
sample temperature.
The temperature-programmed decomposition of amines is the most common
technique for measuring Brønsted acid site concentrations since a reactive amine readily
decompose to an olefin and ammonia over an acid site. The principle behind the
technique is the formation of alkylammonium ions from adsorbed alkyl amines that are
protonated by the Brønsted sites on the sample similar to a Hoffman-elimination type
reaction (Equation 10).

(10)
The TPD profile for ammonia desorption can distinguish both the type (weak/strong) and
quantity of acid sites.50 For example, the TPD profile for ammonia adsorption onto a
zeolite shown in Figure 1-16 shows two distinct peaks that are characteristic of two
unique acid sites that have different acid strength. The various curves represent the same
sample measured at different heating rates (β). Additionally, the area under the curve can
be deconvoluted and compared to a standard to quantify the number of acid sites.
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Figure 1-15. TPD profile for ammonia desorption from a zeolite showing the TCD
response at various heating rates.50

1.5.5 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis is an analytical technique that determines changes in
weight in relation to the change in temperature. The technique is commonly employed to
determine the mass of organic material in inorganic-organic composites, the degradation
temperatures of polymers, and the amount of solvent residues, to name a few
applications. The instrument consists of a high-precision balance with suspended pan
that holds the sample, and a surrounding furnace. The sample is enclosed within a tube
that allows for a flowing atmosphere of an inert or reactive gas to pass over the sample.
An attached computer monitors the weight loss as a function of temperature. In the
analysis of mesoporous silica prior to calcination or modified mesoporous silica, TGA is
used to monitor the weight loss of organic functional groups that are present from the
synthesis or that have been post-synthetically attached.
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From the weight loss and

molecular weight of the organic component, the percent composition of organic
component can be calculated according to:

% Composition =

(X1)
MW ⋅ (1 − X 2 )

(11)

where X1 is the percent weight loss of the organic component (i.e. weight loss > 100 oC),
X2 is the total percent weight loss, and MW is the molecular weight of the organic

component.

1.5.6 Scanning Electron Microscopy (SEM)
In contrast to other techniques listed, which provide structural and chemical
information, scanning electron microscopy is a technique that provides high-resolution
images of a material’s surface on the micrometer length scale. The instrument functions
by focusing a high energy beam of electrons onto the surface of a sample, varying the
electron beam to give topographical contrast. Unlike other electron imaging techniques,
the incident electrons do not penetrate the sample allowing much larger particles to be
examined.
In SEM, electrons are generated and focused by one or two condenser lenses into
a beam that is passed over the sample.

The SEM requires that the specimen be

conductive for the electron beam to scan the surface. Therefore, the sample is typically
first coated with a conductive metal such as gold in a process called ‘sputter-coating’.
The electrons strike the conductive surface of the sample and the energy exchange
between them results in the scattering of electrons. The scattered electrons are received
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by a detector which is able to construct a three-dimensional image based upon the
scatterings.51

The technique is very useful in determining particle morphology and

textural characteristics of a material. An example of an SEM image of a large silica
sphere bound to smaller spheres is shown in Figure 1-16.

Figure 1-16. Example of an SEM image showing multiple spherical silica spheres.52

1.5.7 Transmission Electron Microscopy (TEM)
TEM is used to determine the ordering of porous materials.

The high

magnification often allows direct visualization of the pore channels and openings in
mesoporous materials. The instrument creates images by firing electrons through the
sample onto a detector, with magnifications that can exceed 150,000 times the actual
size.51 In order for the electrons to pass through the sample, it often must be microtomed
(cut extremely thin) to a thickness of 50 to 100 nm.51 The resulting image represents a
contrast picture of the sample, whereby lower density areas appear brighter and higher
densities areas appear darker.
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Figure 1-17 shows a sample TEM micrograph of mesoporous silica. The epoxy
used to fix the sample to the sample grid appears as the regions of off-white. The gray
areas on the image are silica, which impedes the electron beam, while the pore channels
appear as the off-white toned parallel channels. The dark spots represent metal clusters
in the silica sample, which are able to stop most of the electron transmittance.

Figure 1-17. TEM micrograph of a mesoporous silica material containing metal
clusters.53

1.5.8 Ultraviolet-Visible Light Spectroscopy (UV/Vis)
UV/Vis spectroscopy is an analytical technique that uses light in the visible and
ultraviolet region to promote electronic transitions in molecules. It is commonly used to
identify electronic transitions in metal atoms and organometallic complexes, as well as
conjugated

organic

compounds.39

UV/Vis

spectroscopy

provides

qualitative

identification of compounds based upon characteristic absorption bands, as well as
quantitative measurement of molecules that have linear absorbance relationships. The
most common quantitative applications uses the Beer-Lambert law:
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A = − log10 ( I / I o ) = ε ⋅ c ⋅ L

(12)

where A is the measured absorbance, Io is the intensity of the incident light, I is the
transmitted intensity, L is the pathlength through the sample, and c is the concentration of
the absorbing species. The remaining constant, ε¸ known as the extinction coefficient, is
a fundamental constant for a substance in a given solvent.
The UV/Vis spectrophotometer measures the intensity of light passing through a
sample (I) and compares it to the intensity of light before it passes through the sample
(Io). The ratio of I to Io value is the samples transmittance (%T), while the absorbance is
calculated as the negative of the log of the transmittance:
A = − log(%T )

(13)

A typical UV/Vis spectrophotometer allows a user to scan a sample over a given
wavelength range, typically between 200-3000 nm. The output is plotted either as a
function of transmittance or absorbance. An example UV/Vis spectrum is shown in
Figure 1-18.

Figure 1-18. A typical UV/Vis spectrum showing several absorption bands.
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Some samples are too opaque to transmit light completely through them and
cannot be analyzed using traditional techniques. Instead, the light that is reflected from
the sample can be used to characterize the sample in a process known as diffusereflectance UV/Vis (DRUV/Vis) spectroscopy. Figure 1-19 shows an schematic of the of
a DR-UV/Vis instrument:

Figure 1-19. Typical operation of a diffuse reflectance UV/Vis spectrophotometer.

If the size of the sample particles are much less than the layer of the solid sample, the
reflectance off the particles are measured by the detector and the absorption bands off the
substance are processed using the Kubelka-Munk relationship:54
F ( R) =

(1 − R )2
2R

(14)

where R is the measured reflectance. Similar to the Beer-Lambert relationship (Equation
12), the Kubelka-Munk function provides a correlation between concentration and
measured absorption/reflectance.
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1.5.9 Infrared spectroscopy (IR)
Infrared spectroscopy is one of the most commonly used techniques available to
all chemists for the identification of organic and inorganic compounds. The technique is
most often used to identify functional groups on a molecule since different groups absorb
characteristic frequencies of light in the IR region. More specifically, each atom has
three degrees of freedom corresponding to movements along the x,y, and z axes. For a
molecule of n atoms, the total number of degrees of freedom increases to 3n. However,
three degrees of freedom needed to describe the translational motion of the entire
molecule and three degrees of freedom are needed to describe the rotation of the entire
molecule.

For every unique degree of freedom, there is a vibrational frequency

corresponding to its motion. When the frequency of a specific vibration is equal to the
frequency of the IR radiation, the molecule absorbs the radiation.
An IR measurement is performed by placing a sample in the path of an incident
IR light. The resulting light absorption or percent light transmission is then recorded
relative to the specific frequency range. More commonly, the plot is created with respect
to the wavenumber, which is simply the amount of cycles per unit length. An IR plot of
silica along with several of the prominent IR absorption bands are shown in Figure 1-20.
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-

OH stretching
OH bending

Si-O-Si vibration

Figure 1-20. IR spectrum of silica labeled with several prominent peaks.55
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2.

Synthesis,

Structure,

and

Reactivity

of

a

New

Ti-containing

Microporous/Mesoporous Material

2.1

Introduction
Ordered mesoporous silica materials have recently been the subject of intense

research in the fields of catalysis and materials science.1, 2 The narrow and controllable
pore size distributions, relatively large pore openings, large surface areas, greater
adsorption capacities, and various other properties of these materials have led to their
application in catalysis.3

Mesoporous materials have often been doped with

heteroatoms,3-5 with the intention of developing materials that exhibit the requisite
activity and selectivity for specific catalytic reactions.

In particular, Ti-doped

mesoporous molecular sieves such as Ti–MCM-41 and Ti–MCM-48 have been used to
study the epoxidation of unsaturated alcohols, hydrocarbons, and a number of other
organic compounds.6-10 Ti-MCM-48 was found to exhibit better activity than Ti-MCM41, presumably due to its highly interconnected, three-dimensional pore structure, which
allowed the organic substrates better access to the reaction surface of the substrate.8
Several researchers have attempted to improve the hydrophobicity of Ti-MCM-41 and
Ti-MCM-48 by post-synthetic silylation of their surfaces, a process which was found to
remarkably enhance their catalytic activities.11,

12

The persistent limitation of

mesoporous materials arises from thermal instability due to the amorphous nature of the
pore walls. On the other hand, zeolites and related crystalline microporous materials are
widely used in industry as catalysts due to their excellent thermal stability. For example,
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titanium silicates such as TS-1, Ti-β, and Ti–MWW show excellent potential as oxidation
catalysts of various organic substrates.13, 14 However, these microporous materials have
pore diameters smaller than 7 Å and cannot catalyze the oxidation of bulky organic
molecules due to the inaccessibility of active sites located inside the micropores. This
strongly limits the application of Ti-substituted zeolites for the catalytic oxidation of
these types of organic substrates.
A significant effort has been focused on combining the advantages of large pore
mesoporous materials with those of zeolites. Several synthetic approaches have been used
to prepare materials containing both mesoporous and microporous phases. Kloetstra et al
succeeded in synthesizing an MCM-41 material with zeolitic walls through a two-step
recrystallization process.15

Similar methods have yielded other "mixed phase"

materials.16-18 In contrast, Pinnavaia et al utilized pre-formed zeolite seeds as building
blocks to synthesize stable mesoporous aluminosilicates.19 Kaliaguine et al prepared a
mixed phase mesoporous material where the mesoporous aluminosilicate was coated with
zeolite.20 Almost all of these mixed-phase materials have contained the one-dimensional,
hexagonally-structured mesophase MCM-41. Only a few groups have reported composite
materials with the MCM-48 mesophase, which would be expected to perform better
during catalysis. The lack of publications in this area may reflect a difficulty in
synthesizing the cubic phase material. Bein et al recently reported a MCM-48/zeolite-β
aluminosilicate material synthesized by a simultaneous hydrothermal treatment process.21
An MCM-48/MFI aluminosilicate composite was also recently prepared by Mokaya et al
using a two-step crystallization procedure.22 Finally, although much work has been
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performed on mixed phase aluminosilicate materials, only few reports exist on mixed
phase titanium composites, and none of these materials contained a cubic
mesostructure.23-25
Our research group recently prepared MCM-41/MFI mixed phase silicate and
aluminosilicate materials, designated "MMM-1" for microporous/mesoporous material,
by direct addition of TPA+ to the synthesis mixtures after the mesoporous phase had
begun to form, followed by crystallization at temperatures above 150 ˚C.26,

27

The

synthetic method used in those experiments took advantage of the fact that at short
polymerization times, the growing mesophase (containing a "primary" organic surfactant
template) had a low degree of polymerization and a relatively high surface charge, and
therefore could incorporate a secondary organic template for zeolite formation into the
incompletely-polymerized mesophase network walls. Subsequent heating to temperatures
at which zeolite formation occurred led to the localized formation of zeolitic structures
within the mesoporous material; however, without heating, zeolite formation did not
occur and only the mesoporous structure was formed. Therefore, a single reaction
mixture could be used to produce multiple materials simply by adjusting the
crystallization temperature and time. This strategy represents a simple, one-pot method
for producing composite systems. In addition, with slight adjustment of reaction
conditions, heteroatoms could be incorporated into the mixed phase materials. We also
reported on a Ti-doped mixed-phase catalyst, named Ti-MMM-1, that contained TiMCM-41 and TS-1 phases. Interestingly, this material exhibited several unique properties
that distinguished it from pure Ti-MCM-41 and pure TS-1, such as higher catalytic
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activity for the oxidation of cyclohexane and octane.26 Ti-MMM-1 also showed a higher
selectivity for the mono-oxidized products of each compound. This indicated a unique Ti
environment and an intimately connected porous framework rather than a physical
mixture of microporous and mesoporous phases. In continuation of the previous work,
this paper describes the synthesis of a mixed phase material containing a Ti-MCM-48
mesophase and a TS-1 microphase, which we have designated Ti-MMM-2. During the
synthesis of this material, the growing three-dimensional cubic mesostructure has been
manipulated to form microphase in situ.28, 29 The methodology described above has been
extended to the Ti-containing cubic mesoporous system, and microporous character has
been controlled by the addition of a secondary template and by manipulating the
crystallization time.26, 27 The synthesized materials have been characterized using powder
X-ray diffraction (XRD), N2 physisorption, diffuse reflectance UV-Visible spectroscopy,
FTIR,

29

Si MAS-NMR, and transmission electron microscopy (TEM). The catalytic

activities and selectivities of Ti-MMM-2 for the epoxidation of cyclohexene are
compared to those of pure Ti-MCM-48 and pure TS-1.

2.2

Experimental Section

2.2.1 Materials and Methods.
Powder X-ray diffraction (XRD) experiments were performed on a Scintag X1

θ−θ diffractometer equipped with a Peltier detector using Cu Kα radiation (λ=1.5456
Å). Nitrogen adsorption and desorption isotherms were obtained at 77K on a

42

Micrometrics ASAP 2010 instrument. Samples were degassed at 200 oC under vacuum
overnight prior to measurement. Surface area and pore size distributions were calculated
from the BET and the BJH methods respectively. A Perkin-Elmer system 2000
spectrophotometer was employed to record the FTIR spectra. Compressed KBr pellets
containing about 2 wt% of a sample were used for IR studies. The solid-state 29Si MAS
NMR spectra were measured on a Bruker model ARX-500 spectrometer at a resonance
frequency of 99.35 MHz. The powdered samples were placed in 7.0 mm diameter
zirconia rotors and spun at a rate of 4.0 kHz. A 30 s recycle delay was used between
pulses. The chemical shifts were referenced to 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt. Diffuse reflectance UV-visible spectra were recorded on a Perkin-Elmer
Lambda 35 spectrophotometer with a LabSphere integrating sphere. BaSO4 was used as
the reference material, and the Kubelka-Munk function was used to obtain the data. TEM
images were recorded with a JEOL JEM 1210 instrument operating at 120 kV. Samples
were ultrasonicated in ethanol and dispersed on carbon films supported on copper grids.
Chemical analyses were performed by Robertson Analytical Services. The surfactant
[CH3(CH2)17N+(CH3)2(CH2)12N+(CH3)2(CH2)17CH3]Br2,

abbreviated

18-12-18,

was

synthesized from a previously published procedure.30 NaOH was purchased from J.T.
Baker. All other chemicals were purchased from Aldrich and were used as received.

2.2.2 Synthesis of Ti-MMM-2
A Ti-containing solution was prepared by adding H2O2 (30 wt% in H2O, 0.3 g,
2.65 mmol) and 1 mL of deionized water to Ti(OnBu)4 (0.0507 g, 0.149 mmol). This
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solution was stirred for 30 min. In a separate beaker, the gemini surfactant 18-12-18 (0.37
g, 0.40 mmol) was dissolved in a solution containing H2O (16.33 g) and 2M NaOH (2.38
g, 41 mmol), which was then heated at 60 °C to dissolve the surfactant. Upon cooling,
Ludox colloidal silica (1.49 g, 30 wt% in water) was added and the mixture was stirred
briefly. The titanium solution was then added slowly to the surfactant-containing solution
and stirring was continued for 180 min before the addition of tetrapropylammonium
bromide (TPABr, 0.25 g, 0.94 mmol). Stirring was continued overnight, and then the gel
was transferred to a Teflon-lined Parr autoclave and crystallized at 150 °C for various
time intervals between 10 and 80 hours. The product obtained was filtered, washed
extensively with deionized water and dried at 100 ˚C overnight. Calcination to remove
the organic templates was performed by heating the composite material to 550 ˚C at a
rate of 2 °C/min in air, followed by a 12 h hold at that temperature.

2.2.3 Synthesis of Ti-MCM-48
To keep the synthesis conditions as consistent as possible for all samples, TiMCM-48 was synthesized following the above procedure with the exception that the
secondary template was omitted. The samples were crystallized at 150 ˚C for 20 h. The
resulting white solid was collected by filtration and calcined according to the method
described above. Ti-MCM-48 could also be prepared by adding the secondary template
as above and omitting the heating step.
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2.2.4 Synthesis of TS-1
Ti(OnBu)4 (0.172 g, 0.51 mmol), H2O2 (30 wt% in H2O, 0.3 g, mmol) and 2 ml
H2O were stirred in a beaker for 30 min. Si(OEt)4 (10 g, 48 mmol),
tetrapropylammonium hydroxide (1 M in H2O, 15 g, 12 mmol), and 14 ml H2O were
then added and the resulting mixture was stirred for 3 h. The mixture was then transferred
to a Teflon-lined Parr autoclave and heated at 170 ˚C for 48 h. The white solid was
collected by filtration and calcined according to the method described above.

2.2.5 Catalytic Activity Studies
The epoxidation of cyclohexene was carried out in a round-bottom flask equipped
with a condenser. Ti-containing catalyst (0.20 g, dried overnight at 110 ˚C), cyclohexene
(0.082 g, 1 mmol), tert-butyl hydroperoxide (TBHP, 5.5 M in decane, 0.2 mL, 1.1 mmol)
and CH2Cl2 (5 mL) were then added and the mixture was stirred at 40 ˚C for 24 h. The
reaction products were filtered and analyzed on an Agilent model 6890 gas
chromatograph

equipped

with

a

flame

ionization

detector,

using

a

5%

phenylmethylsiloxane capillary column. The products were further confirmed on a mass
spectrometer connected to a gas chromatograph using a HP-5MS column (J&W
Scientific, 15 m x 0.32 cm).

2.3

Results and Discussion
Gemini surfactants of the type [CnH2n+1N+(CH3)2(CH2)sN+(CH3)2CmH2m+1]Br2,

with the abbreviated name "n-s-m", have been shown to promote the formation of
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mesoporous materials under a range of synthesis conditions. The surfactant 18-12-18
was chosen because it easily forms the cubic MCM-48 phase under standard
conditions.30, 31 Using this surfactant as the primary organic template, and adding TPA+
as the secondary organic template, provides control over the composition of the product.
Initially, the positively charged headgroups of the surfactant interact with the
polymerizing silica framework, which has a high charge at short synthesis times. After
this initial organization period during which the mesophase is formed, the secondary
template (TPA+) can be incorporated into the walls of the growing mesophase. It is
interesting to note that the time of addition has a large effect on the ability to form a
material that has physical properties of both mesoporous and microporous phases.
Adding the template and surfactant simultaneously at the start of the polymerization
process, for example, did not produce the desired mixed-phase material. It appears that a
particular degree of silica polymerization is required to form a material containing both
mesophase and microphase regions. Control of the silica polymerization rate by
optimizing the reagent concentrations, the initial aging time prior to TPA+ addition, and
crystallization time and temperature allowed us to identify a set of conditions under
which the meso- and microphases could be simultaneously observed.
Figure 2-1 shows the powder X-ray diffraction (XRD) patterns between 2θ values
of 1-7˚ and 7-30˚ for Ti-MMM-2 samples that were crystallized for varying time intervals
between 12 and 80 hours. The initial stirring time at room temperature (180 min) was the
same for all samples. The XRD pattern after 12 hours is typical of the MCM-48
mesophase belonging to the Ia3d space group,1-3 with the (211) and (220) diffraction
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peaks appearing at 2θ values of 2.6 and 3.0˚, respectively. The diffraction peaks between
2θ = 3.5 and 6.0˚ are also characteristic of the Ia3d space group, and the fact that these
peaks are broad and low-intensity indicates that the regions of ordering within the sample
are somewhat small. The region between 2θ = 7 and 30˚ contains a broad peak centered
at approximately 2θ = 25˚. This feature has been attributed to non-crystalline silica within
the walls of the mesophase.32 Figures 2-1b and c show XRD patterns for Ti-MMM-2
samples which have been crystallized for time intervals of 20 and 30 hours, respectively.
As seen from these figures, an increase in the crystallization time beyond 12 hours
resulted in formation of mixed-phase material, as seen by the presence of diffraction
peaks corresponding to the Ia3d mesophase at low angles and diffraction peaks between
7 and 30˚ corresponding to a crystalline microporous phase. The peaks in the higher 2θ
region show a gradual increase in intensity as crystallization time increases. At prolonged
heating times, the intensities of these peaks match well with the XRD pattern of a pure
TS-1 sample. This is also consistent with the use of TPA+ as the secondary template,
since TPA+ has been shown to play a role in the formation of the MFI zeolite structure
type on which TS-1 is based.33 The appearance of the TS-1 phase coincides with an
increase in broadening of the Ti-MCM-48 peaks and a decrease in peak intensities for
samples crystallized for more than 20 h. Indeed, the Ti-MMM-2 sample crystallized for
50 hours (Figure 2-1d) shows a broad, low-intensity peak in the mesophase region that
cannot be indexed to the Ia3d structure. These changes are attributed to the formation of
TS-1 within the pore system of Ti-MCM-48 in a non-uniform manner throughout the
entire material, thereby leading to smaller regions of ordering in the mesophase as the
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crystallization of the zeolite progressed. Crystallization of the reaction mixture beyond 50
hours led to the formation of sample containing only a single broad peak at 2θ = 2.0˚ in
addition to the microporous phase; in contrast to the other samples, the mesoporous peak
disappeared after calcination (Figure 2-1e). This indicates the presence of a highly
disordered, unstructured mesophase that collapses upon calcination. Thus, XRD studies
clearly show the transformation of the mesophase to microphase as a function of
crystallization time.

Figure 2-1. Powder XRD patterns of calcined Ti-MMM-2 in the mesophase (1-7˚)
and microphase (7-30˚) regions of the patterns. Samples were crystallized at 150 ˚C
for (a) 12 h, (b) 20 h, (c) 30 h, (d) 50 h, and (e) 80 h. Note the different vertical and
horizontal scales of the two regions.

IR spectroscopy, also an important tool used for characterizing zeolitic phases, is
frequently used to differentiate between the atomic-level ordering in crystalline zeolites
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and the amorphous nature of mesoporous materials. A strong, prominent band at
approximately 550 cm-1 in zeolites is characteristic of five-ring T-O-T structures in
microporous silicates,20,

22

where T= Si, Al, or Ti. This band is absent in mesoporous

materials, which lack atomic-level ordering. Figure 2-2 shows the IR spectra of TS-1, TiMCM-48, and various Ti-MMM-2 samples in the region of 400 – 1600 cm-1. The IR
spectrum of Ti-MCM-48 shows bands at 1230, 1084, 810, and 460 cm-1, due to
symmetric/asymmetric stretching vibrations and bending vibrations of Si-O-Si bonds.
The band at approximately 970 cm-1 is attributed to stretching vibrations of Si-O-R
functionalities, where R = H or a metal ion. The IR spectrum of a Ti-MMM-2 sample
crystallized for 12 hours matches closely with that of Ti-MCM-48, indicating a close
resemblance between the two samples and the presence of primarily mesophase in this
sample, consistent with the above XRD studies. On the other hand, Ti-MMM-2 samples
crystallized for 20, 50, and 80 hours show, in addition to the various vibrational bands
present in the 12 hour sample, a new and prominent band at 550 cm-1, which is found to
grow progressively as a function of aging time. This band indicates development of the
microporous phase in these samples (again consistent with XRD). Also observed in these
samples are bands present at about 590 and 630 cm-1. The presence of such bands is
generally attributed to nanophase silicalite material,34 indicating formation of
nanocrystalline TS-1 particles in products. The IR spectrum of a Ti-MMM-2 sample
crystallized for 80 hours (Figure 2-2e) matches closely with that of pure TS-1, indicating
that the sample contains almost exclusively the crystalline, microporous phase.
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Figure 2-2. IR spectra of (a) calcined Ti-MCM-48 and calcined Ti-MMM-2 samples
crystallized at 150 ˚C for (b) 12h, (c) 20 h, (d) 50 h, and (e) 80 h. The spectrum of TS1 is shown in (f).

Nitrogen physisorption isotherms for the Ti-MMM-2 samples are shown in Figure
2-3. The adsorption-desorption isotherm for Ti-MMM-2 crystallized for 12 hours is a
typical type IV isotherm, with a sharp inflection point at partial pressures of 0.2-0.4 due
to capillary condensation. This inflection is characteristic of mesoporous materials.35
However, the isotherm of Ti-MMM-2 samples which were crystallized for longer times
show a decrease in the total adsorbed volume of nitrogen; in addition, the inflection point
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decreases in sharpness and shifts to lower partial pressure values. These changes result in
a gradual conversion of the isotherm from type IV to type I (characteristic of microporous
materials) as crystallization time increases. These results are consistent with the above
XRD and IR studies, which show formation of the TS-1 phase in these samples along
with a simultaneous decrease in the mesoporous character as a function of crystallization
time. Based on this data and data from other research, we can conclude that the changes
in the isotherms indicate that the TS-1 is distributed throughout the pores of the
mesoporous phase material in an inhomogeneous manner.36

Figure 2-3.

Nitrogen physisorption isotherms of calcined Ti-MMM-2 samples

crystallized at 150 ˚C for (a) 12 h, (b) 20 h, (c) 30 h, (d) 50 h, and (e) 80 h.
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An additional feature of the physisorption isotherms is the presence of hysteresis between
the adsorption and desorption branches of the isotherms, which can be observed due to
capillary condensation effects particularly at relative pressures (p/p0) greater than 0.4.
However, this feature has also been attributed to the presence of interconnected pores of
different sizes,37 which is consistent with a material containing both micro- and
mesopores, although the size of the hysteresis does not follow a particular trend. MCM48 samples prepared with gemini surfactants also show this feature even in the absence of
a microporous template, which may indicate the hysteresis is due to the textual
modulation of the pore surface in addition to the interconnected micro and mesopores.
The surface areas, average pore diameters, and pore volumes of Ti-MMM-2
samples are given in Table 2-1. Ti-MMM-2 crystallized for 12 and 20 hours showed a
larger surface area and pore volume than Ti-MCM-48.

Table 2-1.

Summary of Physical Data for Ti-MCM-48, Ti-MMM-2, and TS-1

samples.
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These samples also show a slightly larger average pore diameter than Ti-MCM-48.
Importantly, the fact that the pore size, surface area, and pore volume all increase
simultaneously indicates that the pores are not significantly blocked during the initial
stages of microphase formation. At longer crystallization times (more than 30 hours), the
pore diameter, surface area, and pore volume all decrease as more of the microporous
phase is formed. This is consistent with a progressive increase in the peak widths of the
pore size distribution plots (Figure 2-4).

Figure 2-4. Pore size distribution plots of calcined Ti-MMM-2 samples crystallized at
150 ˚C for (a) 12 h, (b) 20 h, (c) 30 h, (d) 50 h, and (e) 80 h. The BJH equation was
used to calculate the distributions.
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This behavior is indicative of inhomogeneous formation of TS-1 within an increasingly
disordered Ti-containing mesophase, thus leading to an overall decrease in the measured
diameters of the mesoporous phase. Similarly, the decreases in the surface area and pore
volume are assigned to formation of a microporous phase that has a lower surface area
and pore volume than the mesoporous phase.
Solid-state
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Si MAS-NMR spectra of various Ti-MMM-2 samples after

calcination are presented in Figure 2-5. The spectrum of Ti-MMM-2 crystallized for 12
hours shows a broad peak at –107 ppm with a shoulder at less negative field. This type of
peak indicates a mixture of several different types of tetrahedrally-coordinated Si atoms:
(1) Q4, those connected to four other Si atoms through oxygen atoms, chemical shift ~110 ppm; (2) Q3(OR), those connected to three other Si atoms and one heteroatom
through oxygen atoms, chemical shift ~-95 to –105 ppm; (3) Q3, those connected to only
three other Si atoms through oxygen atoms, with the fourth coordination site occupied by
–OH or –O-, chemical shift ~-100 ppm; and (4) Q2, those connected to only two other Si
atoms through oxygen atoms, with the fourth coordination site occupied by –OH or –O-,
chemical shift ~-90 ppm. The broadness of the Ti-MMM-2 peak in Figure 2-5a is
characteristic of amorphous silica and is frequently observed for mesoporous materials.
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Figure 2-5.
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Si MAS-NMR spectra of calcined Ti-MMM-2 samples crystallized at

150 ˚C for (a) 12 h, (b) 20 h, (c) 50 h, and (d) 80 h.

The chemical shift of –107 ppm indicates that a majority of the Si atoms are in Q4
environments following calcination; the shoulder at a less negative chemical shift is more
difficult to deconvolute due to the overlapping chemical shifts of Q3(OR) and Q3 Si
atoms. However, we can conclude that the majority of the Si atoms are in fully
polymerized (Q4 or Q3(OR)) environments, with a smaller number of Si atoms in Q3 and
Q2 environments. This result is consistent with the fact that siliceous MCM-48 (no Ti)
shows a ratio of Q4/Q3 greater than 1, with somewhat sharper peaks. 30, 38
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As the crystallization time is increased to 20 hours, the NMR peak first becomes
broader as a shoulder with a more negative chemical shift appears. At even longer
crystallization times, a peak appears at –114 ppm that is significantly more narrow than
the broad peak due to amorphous silica. This new peak is characteristic of the Q4 sites in
microporous silicates such as ZSM-5 and TS-1, in which the Si-O-Si bonds are
crystallographically oriented so that significantly more of the Si atoms are in the same
chemical environments.39 This was confirmed by obtaining the NMR spectrum of TS-1
alone, which showed a single peak at –114 ppm. The NMR spectra of the Ti-MMM-2
samples could be deconvoluted following the growth of the crystalline Q4 peak, in order
to quantify the relative amounts of Si atoms in crystalline and amorphous environments
and therefore determine the relative amounts of microporous and mesoporous phases in
the samples. The ratio of peak areas defined as Q4cryst/(Q4+Q3+Q2)amorph increased from an
initial ratio of 0.33 in the Ti-MMM-2 sample crystallized for 20 h to a value of 2.19 in
the sample crystallized for 80 h (Table 2-1). This relative growth of the crystalline peak
with the concomitant decrease in the amorphous peak is consistent with the overall
transformation of Ti-MCM-48 mesophase to the TS-1 microphase.
Diffuse reflectance UV-Visible spectroscopy (DR-UV/Vis) is a very common
method used to study the coordination environment of Ti in porous silicates. Figure 2-6
shows the DR-UV/Vis spectra of TS-1, Ti-MCM-48, and Ti-MMM-2 samples. All of the
samples, except for Ti-MMM-2 crystallized for 50 and 80 h, show an absorption peak
between 210 and 240 nm. It is well known that the bands in these regions for Ti-silicates
arise due to charge transfer from oxygen to tetrahedral Ti in the crystalline framework
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sites of zeolites.40 The spectrum of pure TS-1 shows a relatively sharp and narrow
absorption band at 215 nm, consistent with previous reports that indicated the presence of
Ti in a tetrahedral coordination environment.40 In contrast, the spectrum of Ti-MCM-48
shows an absorption band centered at about 225 nm that is comparatively broader than
the peak in the TS-1 spectrum. The slight red shift and increase in the width of this band
is generally attributed to a distorted tetrahedral Ti environment, believed to be due to
amorphous character of the pore walls (i.e., the wide range of Ti-O-Si bond angles) in
mesoporous material.41 The DR-UV/Vis spectrum of Ti-MMM-2 crystallized for 12 h
closely matches that of Ti-MCM-48, indicating a close structural similarity between these
samples, which is consistent with the other experimental data. Spectra of samples
crystallized for 20 and 30 h showed peaks that were shifted to lower wavelengths, with
increasing peak widths. These changes are indicative of the presence of both microporous
and mesoporous phases within the sample. The absence of peaks between 230 and 260
nm, which have been reported to indicate the presence of octahedrally coordinated Ti,
indicate that Ti-MMM-2 samples contain the catalytically active four-coordinate Ti
species. The trends in peak position and width continues as the crystallization time
increased to 50 and 80 h. The peaks in the spectra for these samples are unusually broad,
which is due to development of a new band at approximately 300 nm in addition to the
peak at lower wavelengths. This new band could be due to breakdown of the mesophase,
leading to Ti-O-Ti clustering in which the Ti atoms are present in an octahedral
environment. The existence of this type of peak has been reported earlier for Ti-O-Ti
bonds in silicon-rich amorphous phases.14
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Figure 2-6. DR UV/Vis spectra of (a) TS-1, (b) Ti-MCM-48, and calcined Ti-MMM2 samples crystallized at 150 ˚C for (c) 12 h, (d) 20 h, (e) 30 h, (f) 50 h, and (g) 80 h.

Transmission electron microscopy (TEM) was used to study the particle morphologies
and the pore ordering in Ti-MMM-2 samples. Figure 2-7 shows representative TEM
images of Ti-MMM-2 samples crystallized for 20, 30, and 50 hours. Ti-MMM-2 samples
crystallized for 20 and 30 hours do show some regions of mesopore ordering, typical of
the Ia 3d phase observed along the (110) and (100) directions.42 However, many regions
of disorder are also observed in these samples. This is consistent with the XRD spectra of
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these samples, which show prominent (211) and (220) peaks of the Ia 3d phase, while at
the same time the peaks in the region between 2θ = 3 and 6˚ are quite broad and
unresolved, indicating short pore ordering lengths within the samples.

Figure 2-7. TEM images of Ti-MMM-2 samples crystallized at 150 ˚C for (a) 20 h,
(b) 30 h, and (c) 50 h. Black ellipses indicate regions of mesopore ordering; white
ellipses indicate regions of disorder.
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In contrast, the TEM image of Ti-MMM-2 crystallized for 50 hours shows a highly
disordered mesophase, with areas where the structure has totally collapsed, resembling a
foam. Regions of ordered mesoporous structure were not observed anywhere in this
sample, again consistent with XRD data which showed only very broad, low-intensity
diffraction peaks for the mesoporous phase. Interestingly, the average particle size of the
TS-1 domains as calculated from the Scherrer equation was found to be 20 to 28 nm for
samples crystallized for 20 to 80 h; particle size was found to increase as a function of
crystallization time. However, no segregated or isolated microporous particles of this size
were visible anywhere in the sample by TEM. The XRD and TEM data from our paper
are similar to those found by other researchers for mixed-porosity materials.17,

21, 22

Given the XRD, N2 physisorption, and microscopy data for these samples, this result
leads to a model in which the larger TS-1 particles observed by XRD are formed through
growth of smaller TS-1 nanoparticles within the walls of the mesoporous phase. Careful
examination of the TEM images in Figure 2-7 does show some features that could be
attributed to regions of larger microporous ordering. We are currently pursuing higherresolution TEM experiments on these samples to examine these features.
TS-1 titanosilicates have been extensively used as catalysts for a number of oxidation and
epoxidation reactions, both for fundamental studies as well as for commercial
applications.43, 44 However, the small pore sizes of these materials limits their utility for
reactions involving larger and bulkier molecules. For these molecules, Ti-doped
mesoporous materials have been found to show good activity, although the conversions
and selectivity are quite different from TS-1. This is likely due to the lack of atomic
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ordering in the inorganic walls of these materials. Given the unique physical
characteristics of Ti-MMM-2, we were interested in comparing its activity and selectivity
to that of TS-1 and Ti-MCM-48 for a given reaction. Oxidation of cyclohexene with tertbutyl hydroperoxide (TBHP) was chosen as a test reaction since cyclohexene is relatively
large compared to the pore diameter of TS-1 (<7Å), and this reaction has industrial
applications. Catalysis data are presented in Table 2-2. Cyclohexene oxide was the major
product formed during the reaction (56.5 to 59.5 %), with minor amounts of 2cyclohexen-1-ol and 2-cyclohexen-1-one (1.8 to 3.5%) also detected. TS-1 shows lower
activity than Ti-MCM-48, which is attributed to its smaller pore size, making it difficult
for cyclohexene to interact with the active Ti atoms present within the pores.

Table 2-2. Catalysis data for epoxidation of cyclohexene using TS-1, Ti-MCM-48
and Ti-MMM-2 as catalysts.

In comparison, Ti-MMM-2 samples showed higher activity than either TS-1 or Ti-MCM48. In addition, Ti-MMM-2 samples showed an activity that was unique from a simple
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physical mixture of TS-1 and Ti-MCM-48, which strongly suggests that the structure of
Ti-MMM-2 does not consist of segregated regions of micro- and mesoporosity. TiMMM-2 samples that had been crystallized for 20 and 30 h showed the highest activity,
suggesting that these materials possesses a unique mixed phase structure which provides
an improved reactivity for epoxidation, with the Ti atoms in a local environment that
enhances their ability to catalyze this reaction. In addition, the selectivities of the TiMMM-2 crystallized for 20 and 30 h for cyclohexene oxide were comparable to that of
Ti-MCM-48 but were remarkably higher than the selectivity of TS-1. Ti-MMM-2
samples that were crystallized for 50 h showed lower activities than that of the Ti-MCM48 sample. This is consistent with the XRD and N2 physisorption data, which showed
formation of microphase to a greater extent in these samples along with a simultaneous
decrease in the mesophase, leading to materials with smaller pore sizes. The activity
results thus indicate that mixed phase materials act as superior and efficient catalysts as
compared to microporous and mesoporous titanosilicates individually.

2.4

Conclusions
Ti-MCM-48/TS-1 (Ti-MMM-2) mixed phase materials were synthesized using a

dual template system and following a simple one-pot synthesis method using the gemini
surfactant 18-12-18 as the primary (mesophase) organic template and TPA+ as the
secondary (microphase) organic template. The relative amounts of micro- and mesophase
in the materials were controlled by changing the crystallization time at 150 ˚C. Samples
crystallized for time intervals between 20 and 50 hours showed the presence of both TS-1
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and Ti-MCM-48. XRD, N2 physisorption, and DR-UV/Vis indicated that formation of
TS-1 within the mesophase occurred in an inhomogeneous manner. XRD and TEM
revealed a gradual disordering in the mesophase as the function of crystallization time,
while IR spectroscopy indicated the formation of T-O-T five-membered rings (T = Si or
Ti), showing that the crystallization step introduced atomic-level ordering into the
materials. The incorporation of Ti species into the silicate framework was supported by
DR-UV/Vis studies. The Ti-MMM-2 materials, particularly those crystallized for 20 and
30 h, showed very high conversions for epoxidation of cyclohexene, much better than
TS-1 and Ti-MCM-48, with a higher selectivity for cyclohexene oxide.
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3.

3.1

Effect of Surfactant on the Morphology of Ti-MMM-2 Mixed-Phase Materials

Introduction
Significant efforts have been made in the last few years to overcome the

drawbacks of mesoporous materials, particularly with respect to improvements in the
crystalline nature and catalytic properties of these materials. One approach has been to
introduce zeolitic order within the walls of the mesoporous materials, thereby leading to
the formation of "mixed-phase" materials, containing both microporous and mesoporous
phases.1-3
Recently, we published a report on Ti-MMM-2 mixed-phase materials, in which
the TS-1 microphase was shown to form within the walls of mesoporous Ti-MCM-48.4
The research used a one-pot synthesis of Ti-MMM-2 using the gemini surfactant 18-1218 as the structure-directing agent for the MCM-48 mesophase. These mixed-phase
materials exhibited better activity for oxidation of cyclohexene than either pure TS-1 or
pure Ti-MCM-48.
In continuation of this work, we report here on a comparative study of the
synthesis of Ti-MMM-2, using gemini surfactants with different alkyl tail chain lengths,
which leads to overall changes in the porous properties of the mesophase and in the
extent of microphase formed.

3.2

Experimental
The Ti-MMM-2 samples with different gemini surfactants were prepared per our

earlier reported procedure,5 holding the molar ratios of reaction components constant
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among the three materials. The samples were crystallized for 30 h at 150 ˚C using the
gemini surfactants 16-12-16, 18-12-18 and 22-12-22, which were synthesized according
to an earlier report.5 The Ti-MMM-2 samples prepared using these surfactants are hereby
referred to as Ti-MMM-2(16), Ti-MMM-2(18) and Ti-MMM-2(22).

3.3

Results and Discussion
Figure 3-1 shows the powder X-ray diffraction (XRD) patterns of calcined Ti-

MMM-2 using the different gemini surfactants. As seen from the figure, all three samples
show the formation of a mixed-phase material. In the lower angle region (1-6˚), strong
XRD reflections are observed due to the MCM-48 mesophase, while in the higher angle
region (6-30˚) peaks are seen due to formation of TS-1 microphase. A considerable shift
is observed in peak position to lower 2θ values with increase in the surfactant chain
length from 16-12-16 to 22-12-22, indicating an increase in the unit cell parameter. This
is clearly evident from the data given in Table 3-1.
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Figure 3-1. Powder XRD patterns of calcined Ti-MMM-2 samples that were
crystallized for 30 h: (a) Ti-MMM-2(16), (b) Ti-MMM-2-(18), and (c) Ti-MMM2(22).

Table 3-1. XRD parameters and physical properties of Ti-MMM-2 crystallized for 30
h.
.
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Similarly, an increase in the pore diameter was also observed with the increase in
the surfactant chain length. This is consistent with the previously reported studies, where
the value of unit cell and pore diameter depended upon the surfactant chain length.6 In
addition to the changes observed at low angles, it was also observed that the growth of
TS-1 is more prominent in the Ti-MMM-2 sample synthesized using longer chain length
surfactant.
Figures 2-2a and 2-2a’ show the
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Si MAS-NMR spectra of Ti-MMM-2(16) and

Ti-MCM-48(16) samples. Ti-MCM-48 samples were synthesized following the same
conditions

as

Ti-MMM-2(16)

but

without

the

zeolite

templating

agent

(tetrapropylammonium, TPA+). Both samples show a single distinct peak at about -108.1
ppm, indicating the predominance of mostly mesoporous Q4 sites, (Si(SiO)4), in these
samples. However, the peak width of Ti-MMM-2(16) is larger than Ti-MCM-48(16).
This is attributed to the presence of Q4 sites (-114.8 ppm) of the TS-1 phase in this
sample. The Q4 sites assigned to TS-1 were found to grow with an increase in the
surfactant size along with a simultaneous decrease in mesophase Q4 sites, as seen in
Figures 2-2b and 2-2c. This is in accordance with the XRD data where the peaks due to
the TS-1 phase became stronger with an increase in the chain length of the gemini
surfactant.
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Figure 3-2.
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Si MAS-NMR spectra: (a) Ti-MMM-2(16), (a') Ti-MCM-48(16), (b)

Ti-MMM-2(18), (b') Ti-MCM-48(18), (c) Ti-MCM-48(16), and (c') Ti-MCM-48(22).

The studies thus clearly indicate that the gemini surfactants with longer chain
lengths favor the formation of the microphase for a given crystallization time and
temperature. It has previously been shown that micelles of large gemini surfactants such
as those employed here may be able to interact at their surfaces with surrounding
molecules.5 With an increase in the alkyl tail chain length, the size of the micelle and
thus the hydrophobic region increases; therefore, the interaction of the TPA+ ions with
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the micelle must be different in each case. We theorize that the folding of the longer
chain surfactants produces a more favorable interaction with the TPA+ ions, allowing
more of them to be incorporated into the overall composite material. The increased
hydrophobicity and size of the micelle created by longer chain surfactants thus allows
more of the microporous template to interact with the silica in the vicinity of the
mesophase leading to increased microphase formation. Further studies to understand this
behavior are in progress. Additionally, other reports have shown a relationship between
the pore size and optimal catalytic activity.7 Therefore, studies are underway to test the
catalytic activity of these mixed-phase materials under different reactions as a function of
pore diameter and extent of microphase.
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4.

Synthesis and Reactivity of Al-MMM-2: A New Microporous/Mesoporous
Catalyst for the Alkylation of Toluene

4.1

Introduction
Industrially important processes, such as Friedel-Crafts reactions, typically

employ liquid-phase acid catalysts such as metal halides or strong protic acids. However,
concerns about the separation, handling, and storage of these chemicals have led to
intense research into the development of solid acid catalysts. Zeolites are viewed as
promising alternatives to liquid-phase acid catalysts because their activity is easily
modified by the incorporation of heteroatoms. Their thermal stability and uniform pore
diameters make them attractive for this application,(1) and they are already used
extensively in hydrocarbon processing.(2) However, their small pore diameters, typically
less than 2 nm, intrinsically limit their applications to reactions involving smaller
molecules. The discovery of mesoporous silicates such as MCM-41 and MCM-48, with
pore sizes in the range of 2 to 30 nm, has allowed reactions involving larger molecules to
be developed.(3) These materials are prepared by polymerizing a silica source around a
surfactant micelle, which is subsequently removed by ion exchange or calcination.
Mesoporous materials are easily modified during their synthesis to allow the inclusion of
a number of heteroatoms, such as, Al, Ga, V, Ti, Cr etc, to generate acidic, basic, and
redox properties.(4) Additionally, these materials typically possess very large surface
areas (>500 m2/g), pore volumes, and tunable pore diameters, which provide extensive
internal surfaces that can be used in heterogeneous catalysis. Despite the progress made
in this field over the past decade, mesoporous materials continue to suffer from two
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major drawbacks that limit their use as heterogeneous catalysts. First, these materials are
hydrophilic in nature due to presence of uncondensed silanol groups within the pores,
which tend to limit access of organic substrates to the pore surfaces during reactions.
Second, and more important, the walls of mesoporous materials are disordered (in
contrast to zeolites), resembling amorphous silica. The amorphous nature of the pore
walls limits their stability, especially under the high temperature and high steam
conditions generally employed in a number of industrial catalytic processes.(5) These
drawbacks are the main reasons that have restricted the large scale application and
commercialization of these materials.
In order to circumvent these drawbacks, recent efforts have been made to
combine the advantages of both microporous and mesoporous materials in to a single,
hybrid material; that is, to develop a "mixed-phase" material with the stability, acidity,
and atomic-level crystallinity of zeolites that has the large pore diameters, surface areas,
and pore volumes of mesoporous solids.

Many research groups have developed

innovative methods to create these new materials. A survey of recent work from several
groups shows the synthesis of a mixed-phase MCM-41 (mesoporous)/MFI (microporous)
material using two templates in the reaction mixture,(6) an MCM-41/MFI composite
using a dual templating method and a two-step crystallization process,(7) and finally
MCM-41/FAU, MCM-41/MFI composites using “zeolite seeds” to build up the resulting
mesoporous material,(8) to name a few.
Many of the mixed-phase materials developed by these methods showed
enhanced catalytic activities in reactions involving bulky molecules, and exhibited

76

greater hydrothermal stability than their pure mesoporous counterparts. However, almost
all of the materials were based on a one-dimensional hexagonal mesoporous phase such
as MCM-41 or SBA-15.(5 – 10) Very few mixed-phase materials have been prepared that
include the cubic ( Ia 3d space group) mesoporous phase MCM-48.(9, 10) This could be
due to the synthetic challenges involved in preparing MCM-48 as compared to MCM-41
or SBA-15. Since cubic materials possess a highly branched three-dimensional pore
network, they should be less affected by pore blockages than hexagonal materials with
two-dimensional pore networks, making them more attractive for applications in
heterogeneous catalysis.(11) In addition, some of our earlier work has indicated that AlMCM-48 is more catalytically active than Al-MCM-41 at the same level of Al loading.
Our research group earlier reported the synthesis of an MCM-41/MFI mixedphase aluminosilicate, designated "MMM-1” for microporous/mesoporous material. This
material was synthesized by the direct addition of TPA+ (an organic ion used to template
the pore structure of MFI) to the reaction gel after the mesoporous phase had begun to
form, followed by crystallization at temperatures above 150 ˚C.(12) The synthetic
method used in these experiments took advantage of the fact that at short polymerization
times, the growing mesophase (containing a "primary" organic surfactant template) had a
low degree of polymerization and a relatively high surface charge, and therefore could
incorporate a secondary organic template for zeolite formation into the incompletely
polymerized walls of the mesophase network. Subsequent heating to higher temperatures
led to the localized formation of zeolitic structures within the mesoporous material.
Therefore, a single reaction mixture could be used to produce a range of materials with
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varying crystallinity simply by adjusting the crystallization temperature and time. This
strategy represents a simple, one-pot method for producing composite systems. AlMMM-1 and Ti-MMM-1 could be formed by slight modifications of the reaction mixture
to allow for in situ inclusion of the heteroatom in each case. This work extends the
previous strategy to a cubic mesophase system whereby a gemini surfactant is used as a
template for the formation of the mesoporous MCM-48 material and Al is included in the
synthesis to add catalytic function. The resulting MCM-48/MFI material, designated AlMMM-2, possesses both mesoporous and microporous characteristics and is used as a
catalyst in the Friedel-Crafts alkylation of toluene. For comparison, the catalytic activities
of Al-MCM-48 and Al-MFI were measured.

4.2

Experimental Section

4.2.1 Materials and Methods
Powder X-ray diffraction experiments were performed on a Scintag X1 θ-θ

diffractometer equipped with a Peltier detector using Cu Kα radiation (λ=1.5456 Å).
Scans were performed with step sizes of 0.02˚ and count times of 0.5 s per point.

29

Si

MAS-NMR spectra were recorded on a Bruker ARX500 spectrometer at resonance
frequencies of 99.7 MHz, with 90˚ radiofrequency pulses. The powdered samples were
placed in 7.0 mm diameter zirconia rotors and spun at a rate of 4.0 kHz. A 30 s recycle
delay was used between pulses. The chemical shifts were referenced to 3-(trimethylsilyl)1-propanesulfonic acid sodium salt. NaOH was purchased from J.T. Baker. All other
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chemicals were purchased from Aldrich and were used as received. The surfactant
[CH3(CH2)17N+(CH3)2(CH2)12N+(CH3)2(CH2)17CH3]Br2,

abbreviated

18-12-18,

was

synthesized from a previously published procedure.(17)

4.2.2 Synthesis of Al-MMM-2
Al-MCM-48/ZSM-5 mixed-phase materials were typically prepared by dissolving
18-12-18 surfactant (0.37g, 0.40mmol) in 16.4 mL of 2M NaOH solution (2.38 g, 41
mmol) under warm conditions. Upon cooling to ambient temperature, colloidal silica
(1.44 g, 30 wt% in water, 7.2 mmol) was added and stirring was continued to 60 min. To
the above mixture was added aluminum sulfate octadecyl hydrate, (Al2(SO4)3•18 H2O,
0.023g, 0.035mmol) and tetrapropylammonium bromide (TPABr, 0.25 g, 0.94 mmol),
and the resulting mixture was stirred for another 24 h. The Si:Al ratio in the reaction was
100:1. Finally, the mixture was transferred to a Teflon-lined Parr autoclave and
crystallized at 150 °C for 20 h. The resulting white solid was filtered, washed extensively
with deionized water, and dried at 100 ˚C overnight. Calcination to remove the organic
templates was performed by heating the composite material to 550 ˚C at a rate of 2
°C/min in air, followed by a 12 h hold at that temperature.

4.2.3 Synthesis of Al-MCM-48
To keep the synthesis conditions as consistent as possible for all samples, AlMCM-48 was synthesized following the above procedure with the exception that the
secondary template was omitted. The samples were crystallized at 150 ˚C for 20 h. The
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resulting white solid was collected by filtration and calcined according to the method
described above.

4.2.4 Synthesis of MFI
A colloidal silica mixture (10 g, 50 mmol SiO2), tetrapropylammonium hydroxide
(TPAOH, 10 g, 1 M in H2O, 10 mmol), and aluminum sulfate octadecyl hydrate
(Al2(SO4)3•18 H2O, 1.03 g, 1.55 mmol) were added to 10 mL of deionized water. The
resulting mixture was stirred for 1 h, an additional 7 mL of water was added to it, and
then it was stirred for another 45 minutes. After this time, the mixture was transferred to a
Teflon-lined autoclave and heated for 48 h at 170 ˚C. The product obtained was filtered,
washed, dried and calcined using the program mentioned above.

4.2.5 Friedel-Crafts Alkylation
Calcined aluminosilicate materials were converted to the H+ form through
ammonium ion exchange. The porous solid (0.1 g) was added to a solution of NH4NO3
(0.1 M, 25 mL). After stirring for 30 min at room temperature the sample was filtered
and the process repeated twice. The ion exchanged material was then calcined in air at
550 ˚C for 6 h. The Friedel-Crafts alkylation of toluene was carried out in a roundbottom flask equipped with a condenser and magnetic stirrer. Al-containing catalyst
(0.025 g) and toluene (4.3 g, 46.9 mmol) were heated to reflux before the addition of
benzyl alcohol (0.26 g, 3.4 mmol). The reaction was allowed to run for 120 min with
aliquots withdrawn periodically, filtered, and analyzed on an Agilent model 6890 gas
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chromatograph

equipped

with

a

flame

ionization

detector,

using

a

5%

phenylmethylsiloxane capillary column. After the reaction, the catalyst was reclaimed,
dried in air, and re-calcined according to the previous program.

4.3

Results and Discussion

4.3.1 Characterization
Figure 4-1 shows the powder X-ray diffraction (XRD) patterns of Al-MCM-48,
Al-MMM-2 crystallized at several times, and Al-MFI. The XRD pattern in Figure 4-1a
could be indexed to the Ia 3d space group that is characteristic of MCM-48, with
prominent (211) and (220) reflections.(3)

The broad feature at between 3 and 6˚

represents poorly resolved XRD features of MCM-48. When TPA+ was added to the
synthesis to form Al-MMM-2, the appearance of sharp XRD peaks at higher angles
(Figure 4-1b – d) was found to depend on the crystallization time at 150 ˚C, consistent
with earlier work.(12) The positions of the peaks between 7 and 30˚ match well with the
XRD pattern of MFI (Figure 4-1e), indicating the development of the mixed-phase
material.

Additionally, the XRD peaks for the mesoporous phase decreased with

increasing crystallization time, indicating that the growth of the mixed-phase, and
ultimately the pure microporous phase, occurred at the expense of the mesoporous phase.
During the transformation, the main peak of Al-MMM-2 shifted to smaller angles,
indicating an increase in the unit cell parameter.

Since the pore diameter stayed

approximately the same (N2 physisorption data not shown), this trend indicates that the
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wall thickness of Al-MMM-2 increased, possibly due to the presence of the growing
microphase.

Figure 4-1. XRD pattern of (a) Al-MCM-48 and Al-MMM-2 samples crystallized for
(b) 12 h, (c) 30 h, and (d) 36 h. The pattern of MFI is shown in (e).

In order to determine the extent of crystallinity of the silica framework,

29

Si

MAS-NMR was used to gain information about the local environment of the Si atoms
(Figure 4-2). The chemical shifts of the peaks in this technique are sensitive to the local
environment of Si; the extent of polymerization, the presence of heteroatoms, and the
difference between Si atoms in zeolitic and mesoporous materials can all be determined.
Al-MCM-48 (Figure 4-2a) shows three peaks with approximate chemical shifts of -93, 102, and -109 ppm. These peaks are assigned to (SiO)2-Si(OR)2 (Q2 sites), (SiO)3-SiOR
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(Q3) and Si(SiO)4 (Q4), in the amorphous silica framework, where R = H or Al.(13) The
broadness of these peaks reflects the presence of a variety of different environments in
these materials and is characteristic of mesoporous silica. The spectrum of Al-MMM-2
crystallized for 12 h (Figure 4-2b) resembles the spectrum for Al-MCM-48, indicating
that the silica in the material is mostly mesoporous in nature. Al-MMM-2 crystallized for
30 and 36 h (Figures 4-2c - d) show the growth of a new band at approximately -113
ppm. The new peak is assigned to the zeolitic Q4 sites in the evolving microporousmesoporous material, and the chemical shift of this peak is consistent with crystalline
materials and with MFI in particular.(1) The narrow peak width further confirms that it
belongs to an Si atom in a zeolitic environment. In addition, the increase in the intensity
of the zeolite Q4 peak corresponds to a decrease in the peak intensities at -108 and -102
ppm, indicating a gradual crystallization of the silica walls in Al-MMM-2 as the samples
are maintained at 150 ˚C.
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Figure 4-2. 29Si MAS-NMR spectra of (a) Al-MCM-48 and Al-MMM-2 samples
crystallized for (b) 12 h, (c) 30 h, and (d) 36 h. The spectrum of MFI is shown in (e).

The data suggests that the extent of MFI formation within Al-MMM-2 can be controlled
by simply changing the heating time, allowing a range of materials to be prepared from a
single reaction mixture.

4.3.2 Catalytic Activity Studies
Friedel-Crafts alkylation reactions are used industrially to add alkyl chains to
aromatic compounds. Currently, homogenous catalysts such as AlCl3, HF, and H2SO4 are
the most common catalysts.(14) Active zeolite catalysts for Friedel-Crafts alkylations
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possess Brønsted or Lewis acidic sites that are associated with tetrahedrally-coordinated
aluminum in the mesoporous framework.(15) Zeolites have been shown to be effective
catalysts during alkylation reactions and have excellent stability for repeated cycles, but
molecular diffusion problems hinder their use in reactions involving larger molecules.(16,
17) Mesoporous materials have been reported to show significant improvement over
zeolites in these reactions, but the stability of these catalysts has continued to be a
problem.(18) In our experiments, the reaction of benzyl alcohol with toluene was used as
a test reaction to compare the activity of Al-MMM-2 crystallized for various times at 150
˚C to MFI and Al-MCM-48. This reaction was chosen because the main product, benzyl
toluene, is quite bulky, and microporous catalysts are less active then mesoporous
materials such as SBA-15.(19) Since one of the goals of this work was to improve the
stability of mesoporous materials during catalytic reactions, the materials were used
sequentially in catalytic reactions, with calcinations repeated between each catalysis
cycle.
Figure 4-3 shows the total conversion versus time for Al-MCM-48 and several
Al-MMM-2 samples. All samples showed complete conversion of the benzyl alcohol
within an hour, with the Al-MMM-2 sample crystallized for 30 h showing the fastest
conversion.

Based on this data alone, it can be inferred that the combination of

crystallinity and large pore diameter is important in catalytic activity for this reaction,
since Al-MMM-2 crystallized for 36 h actually showed somewhat slower and decreased
reactivity. Details regarding product distributions for several catalysis cycles are shown
in Table 4-1. Both the ortho and para products were produced, along with a benzyl ether
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intermediate. During the first catalytic cycle, all mesoporous samples, with the exception
of Al-MMM-2 crystallized for 36 h, showed very high conversions in the alkylation
reaction. Selectivity for the alkylated products was also high for the first three catalysts,
with the 36 h sample showing a lower value. After three reaction cycles, the activity of
Al-MCM-48 dropped significantly and showed a benzyl alcohol conversion of only 63 %
after 120 min. Interestingly, the mixed-phase materials retained their catalytic ability
much better than the pure mesoporous material, with the 30 h sample still able to convert
about 98% of the benzyl alcohol after 120 min of reaction time during the third cycle. In
addition, this sample maintained the highest product selectivity after three cycles (82 %
versus 65 % for Al-MCM-48). The catalytic results for MFI are also shown in Figure 4-3
and Table 4-1. These results indicate that the microporous material is indeed quite stable,
with nearly identical conversion and selectivity after three catalysis cycles. However,
MFI has a conversion and selectivity that were less than half of Al-MMM-2 crystallized
for 30 h. The catalytic results are consistent with those from our previous studies, which
showed that MMM-1 and MMM-2 crystallized for intermediate times had significantly
higher catalytic activity and selectivity than either pure microporous or pure mesoporous
materials.
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Figure 4-3. Percent conversion of benzyl alcohol during the alkylation of toluene for
(a) Al-MCM-48 and Al-MMM-2 samples crystallized for (b) 12 h, (c) 30 h, and (d) 36
h. Conversion for MFI is shown in (e).

Table 4-1.Catalytic data for aluminosilicate catalysts in the alkylation of toluene by
benzyl alcohol.
•
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The structural stabilities of the materials were examined by performing XRD after
three catalytic cycles. The XRD patterns of Al-MCM-48 and Al-MMM-2 crystallized for
30 h are shown in Figure 4-4. The intensities of the XRD peaks for Al-MCM-48
decrease significantly after three catalysis cycles. In addition, a noticeable shift of the
(211) peak to higher angles was also observed, indicating a smaller unit cell and
ultimately a smaller pore diameter, arising from closure of some of the pores. The pore
structure of Al-MCM-48 becomes increasingly disordered during catalysis. In contrast,
although the intensities of the peaks for the mesoporous phase in the XRD spectrum of
Al-MMM-2 crystallized for 30 h decreased, the extent of decrease was much less than in
Al-MCM-48. Also, there was virtually no shift in the position of the (211) peak for this
material. These changes indicate that although the pore structure of Al-MMM-2 does
degrade, the effect is not as dramatic nor as rapid as in the pure mesoporous material. AlMMM-2 possesses a unique structure that improves its activity and stability.
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Figure 4-4.XRD patterns of aluminosilicate catalysts before catalysis and after three
catalysis cycles. Bottom, Al-MCM-48; Top, Al-MMM-2 crystallized for 30 h.

4.4

Conclusions
A unique mixed-phase microporous-mesoporous material (Al-MMM-2) has been

synthesized using a one-pot, dual template approach. The material was shown by XRD to
possess a mesoporous phase belonging to the Ia 3d space group, consistent with AlMCM-48. XRD and 29Si MAS-NMR revealed the emergence of the microporous phase
MFI as the crystallization time at 150 ˚C was increased, with pure MFI formed after 80 h.
Transmission electron microscopy (TEM) and

129

Xe NMR experiments to confirm that

the microporous and mesoporous phases are interconnected are in progress,(20) but based
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on the information obtained in these studies we tentatively conclude that the walls of the
mesoporous phase are gradually crystallized through interaction with TPA+ at 150 ˚C.
This is consistent with our previous results on MMM-1 and MMM-2 materials.(12, 21)
The material does not appear to be a physical mixture of mesoporous and microporous
phases. Al-MMM-2 was found to be active in the liquid-phase alkylation of toluene with
benzyl alcohol to produce benzyl toluene, a reaction that should be difficult in a purely
microporous material. In particular, crystallization for 30 h produced a material that
retained much higher catalytic activity and selectivity for the alkylated toluene products
three catalysis cycles than either pure Al-MCM-48 or Al-MMM-2 crystallized for 36 h.
Characterization of the catalysts after three catalysis cycles by XRD showed that the
quality of the Al-MMM-2 pore structure was significantly higher after catalysis than AlMCM-48. From this evidence, it appeared that Al-MMM-2 was more stable than AlMCM-48.
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5.

Synthesis

of

Al-MCM-48/MFI

Mixed-Phase

Materials

Using

Gemini

Surfactants

5.1

Introduction
Zeolites and other microporous materials such as aluminum phosphates and

titanosilicates have been used in industrial applications as catalysts and adsorbents
because of their thermal stability and uniform pore size (< 2 nm).1 However, their utility
in these applications is intrinsically limited by their small pore diameters, and they cannot
be used in processes involving larger molecules.1 The discovery of mesoporous silicas
such as MCM-41 and MCM-48, with pore diameters in the range of 2 to 30 nm have
opened up a new era in the field of molecular sieves.2 The channel arrangements in these
materials are crystallographically ordered in the same manner as zeolites; however,
mesoporous materials are disordered on an atomic level, resembling amorphous silica.
Mesoporous silica is frequently doped with a variety of heteroatoms such as Al, Mo, V,
Ti, and Cr, in an attempt to make them suitable heterogeneous catalysts for reactions
involving bulky molecules.3 Despite the progress made in this field over the past decade,
heteroatom-doped mesoporous materials continue to suffer from several problems that
have prevented their industrial use. First, these materials are generally hydrophilic in
nature due to presence of large number of uncondensed silanol groups within the pores,
which tend to adsorb water molecules and therefore limit the access of organic substrates
to catalytic sites located at the pore surfaces. Second, the amorphous nature of the pore
walls leads to thermal instability under high temperature and steaming conditions, which
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are generally employed in a number of industrial catalytic processes. These problems
have contributed to the lack of large scale commercialization of these materials.
Recent attempts to overcome the lack of crystallinity in mesoporous materials
have included the introduction of zeolitic structure into their pore walls. The resulting
hybrid "mixed-phase" materials combine the advantages of both phases: higher activity
and stability without diffusion limitations. An early report of a mixed-phase material was
published by Kloetstra et al, who recrystallized the pore surfaces of a mesoporous
material by ion exchange with tetrapropylammonium ions (TPA+ is the organic
templating agent for the synthetic zeolite MFI).4 Karlsson et al described the in situ
formation of mixed-phase MCM-41/MFI materials by combining TPA+ with the
cetyltrimethylammonium ion (CTA+, used to template the mesoporous phase) in the same
reaction.5 Huang et al also used a dual templating method, but included a two-step
crystallization process to prepare MCM-41/MFI composites.6 Trong and Kaliaguine
prepared mixed-phase composite materials by coating the mesoporous materials with
zeolitic layers.7

Pinnavaia and co-workers employed an alternative approach to

synthesize mixed-phase materials, where zeolitic seeds or "protozeolitic" aluminosilicate
nanoclusters were used as framework precursors; using this approach, they described
MCM-41/FAU and MCM-41/MFI composites.8 There are also reports on synthesis of
SBA-15/MFI composite materials.9
In general, mixed-phase aluminosilicate materials were found to be more
hydrothermally stable than their pure mesoporous counterparts. They also exhibited
better catalytic properties, specifically for hydrocarbon cracking of bulky molecules, than
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the corresponding pure microporous or mesoporous phases or a physical mixture of the
two phases, as reported by Guo et al and Wang et al.10,

11

Reactions other than

hydrocarbon cracking have been studied as well. For example, Choi et al recently
described a mixed-phase material that showed better catalytic properties for synthesis of
bulky molecules, such as jasminaldehyde and vesidryl, than either MCM-41 or MFI.12
The improved catalytic performance of mixed-phase materials is attributed to an increase
in the number of Brønsted acid sites in these materials due formation of zeolitic species
within the walls of the mesophase, combined with the greater accessibility of bulky
molecules to these active sites due to larger pore size of the mesophase.10-12
In most of these reports, the mesoporous phase is one-dimensional and
hexagonally structured; that is, MCM-41 or SBA-15.4-9 Very few reports are available on
mixed-phase materials containing the cubic mesoporous phase MCM-48, with its three
dimensional branched pore structure.13-15 In theory, MCM-48 should be better suited for
catalytic applications than MCM-41 because its highly interconnected pore structure
should make it less prone to pore blockage.16 Prokesova et al have described an AlMCM-48/zeolite-β material that was prepared by the simultaneous hydrothermal
treatment of MCM-48 and zeolite-β precursor solutions.13 Xia and Mokaya reported the
synthesis of an Al-MCM-48/MFI aluminosilicate composite using a two-template, twostep crystallization process,14 while Kao et al described the synthesis of Al-MCM48/zeolite-β and Al-MCM-48/MFI mixed-phase materials using dried zeolite precursors
and gemini surfactants.15 Gemini surfactants, with the formula [CnH2n+1N+(CH3)2-(CH2)sN+-(CH3)2CmH2m+1]Br and abbreviated as "n-s-m", have been found to promote the
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formation of MCM-48. The identities of the surfactant tails and the organic "spacer"
between the two cationic charges in the surfactant headgroup (i.e., the relationship among
n, s, and m) has been shown to control the mesoporous phase that is formed.17 In
particular, the surfactants n-12-n (n = 16 – 22) have been shown to provide a robust
method to form the MCM-48 phase compared to common surfactants such as CTAB.18
In all of these synthetic procedures, a pre-formed colloidal gel containing a zeolite was
added to a MCM-48 precursor solution that contained cetyltrimethylammonium (CTA+)
or gemini surfactant as the templating agent for the cubic mesophase.
Our research group recently reported on the novel one-pot synthesis of the MMM1/MMM-219-22 mixed-phase materials (MMM = "microporous/mesoporous material), in
which the template for the microporous phase was added to the reaction mixture of the
mesoporous phase, leading to the incorporation of TPA+ into the walls of the
incompletely polymerized mesophase network. Crystallization of the resulting mixture at
150 ˚C for varying time intervals led to the formation of mixed-phase materials with
various proportions of micro- and mesoporous phases that depended simply on the
crystallization time. For MMM-2 mixed-phase materials such as Ti-MMM-2 (Ti-MCM48/TS-1), gemini surfactants were used to form the mesoporous phase.21 In this work, we
describe the synthesis of "Al-MMM-2" aluminosilicate mixed-phase materials by an
analogous procedure, which has not been reported elsewhere. These materials are
characterized by powder X-ray diffraction (XRD), N2 physisorption, multinuclear NMR,
FTIR, TEM and pyridine TPD.
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5.2

Experimental Section

5.2.1 Materials and Methods
NaOH was purchased from J.T. Baker. All other chemicals were purchased from
Aldrich

and

were

used

as

received.

[CH3(CH2)17N+(CH3)2(CH2)12N+(CH3)2(CH2)17CH3]Br2,

The

abbreviated

synthesized from a previously published procedure.17

surfactant

18-12-18,

was

Powder X-ray diffraction

experiments were performed on a Scintag X1 θ−θ diffractometer equipped with a Peltier
detector using Cu Kα radiation (λ=1.5456 Å). Scans were performed with step sizes of
0.02˚ and count times of 0.5 s per point. Nitrogen physisorption isotherms were obtained
at 77 K on a Micromeritics ASAP 2010 instrument. Samples were degassed at 200 ˚C
under vacuum overnight prior to measurement. Surface area and pore size distributions
were calculated from the BET and the BJH methods, respectively. The t-plot method was
used to assess the microporosity of the samples. FTIR spectra were recorded on a
Perkin–Elmer System 2000 spectrometer. Compressed KBr pellets containing about 2
wt% of a sample were used for these studies.

29

Si and

27

Al MAS NMR spectra were

recorded on a Bruker ARX-500 spectrometer at resonance frequencies of 99.3 and 130.3
MHz, respectively. The powdered samples were placed in 7.0 mm diameter zirconia
rotors and spun at a rate of 4.0 kHz. A 30 s recycle delay was used between pulses. The
chemical shifts for

29

Si spectra were referenced to 3-(trimethylsilyl)-1-propanesulfonic

acid sodium salt, while Al(NO3)6 • 9 H2O was used as a reference for 27Al spectra. TEM
images were recorded with a JEOL JEM 1210 instrument operating at 120 kV. Samples
were ultrasonicated in ethanol and dispersed on carbon films supported on copper grids.
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Catalyst acidity was determined by pyridine temperature-programmed desorption (TPD)
studies on a Micromeritics ChemiSorb 2720. H-form of catalyst samples (50 mg) were
pre-treated at 550°C for 12h under flowing nitrogen (25 mL/min). Samples were then
cooled to room temperature (30°C) and exposed to pyridine generated from nitrogen
bubbling through pyridine, until saturated with pyridine. Thereafter samples were purged
with nitrogen (25 ml/min) for 1 h to remove physisorbed pyridine.

TPD run was

recorded from 30°C to 700°C at a ramping rate of 10°C/min. and the effluents from the
reactor were continuously monitored by TCD as a function of temperature.

5.2.2 Synthesis of Al-MMM-2
Al-MCM-48/MFI mixed-phase materials were typically prepared by dissolving
the surfactant 18-12-18 (0.37 g, 0.40 mmol) in a solution containing H2O (16.33 g) and 2
M NaOH solution (2.38 g, 16.4 mL, 41 mmol) at 60 ˚C. Upon cooling, Ludox colloidal
silica (1.44 g, 30 wt% in H2O, 7.2 mmol) was added and the resulting mixture was stirred
for 60 min at room temperature. Al2(SO4)3 • 18 H2O (0.023 g, 0.035 mmol) and
tetrapropylammonium bromide (TPABr, 0.25 g, 0.94 mmol) were then added and the
resulting mixture was for stirred for another 24 h at room temperature. Finally the
mixture was transferred to a Teflon-lined Parr autoclave and crystallized at 150 ˚C for
various time intervals between 12 to 70 h. The resulting product was filtered, washed
extensively with deionized water and dried at 100 ˚C overnight in air oven. Calcination to
remove the organic templates was performed by heating the composite material to 550 ˚C
at a rate of 2 ˚C/min in air, followed by a 12 h hold at that temperature.
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5.2.3 Synthesis of Al-MCM-48
Al-MCM-48 was prepared by dissolving the surfactant 18-12-18 (0.37 g, 0.40
mmol) in a solution containing H2O (16.33 g) and 2 M NaOH solution (2.38 g, 16.4 mL,
41 mmol) at 60 ˚C. Upon cooling, Ludox colloidal silica (1.44 g, 30 wt% in H2O, 7.2
mmol) was added and the resulting mixture was stirred for 60 min at room temperature.
Al2(SO4)3 • 18 H2O (0.023 g, 0.035 mmol) and tetrapropylammonium bromide (TPABr,
0.25 g, 0.94 mmol) were then added and the resulting mixture was for stirred for another
24 h at room temperature. The resulting mixture was transferred to a teflon-lined
autoclave and crystallized at 100 ˚C for 24 h. The white solid was filtered, washed
extensively with deionized H2O, dried at 100 ˚C overnight, and calcined according the
program described above.

5.2.4 Synthesis of MFI
Ludox colloidal silica (10 g, 30 wt% SiO2, 50 mmol), tetrapropylammonium
hydroxide (TPAOH, 1 M in H2O, 10 g, 10 mmol), and Al2(SO4)3 • 18 H2O, 1.03 g, 1.55
mmol) were added to 10 mL of deionized H2O . The resulting mixture was stirred for 1 h
at room temperature, after which an additional 7 mL of water was added and stirring was
continued for another 45 min. The mixture was then transferred to a Teflon autoclave and
crystallized at 170 ˚C for 48 h. The resulting white solid was filtered, washed, dried and
calcined using the program mentioned above.
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5.2.5 H-exchanged Al-MMM-2/MCM-48
Proton containing Al-MMM-2 samples were prepared by ion exchange method.
Calcined Al-MMM-2 (0.1g) samples were stirred in NH4NO3 solution (0.1M, 25 mL)
solution for 30 min at room temperature. The solid catalyst was recovered by filtration
and the process was repeated twice. The ion exchanged material was then calcined in air
at 550 oC for 6 h.

5.2.6 Catalytic Activity Studies
The liquid phase reaction of cumene with benzyl alcohol was carried out in a
round-bottom flask equipped with a reflux condenser and magnetic stirrer. The reaction
was initiated by the addition of benzyl alcohol (0.26g, 3.4 mmol) to a refluxing mixture
of H-form of catalyst (.050 g) and cumene (5.8 g, 41.6 mmol). The reaction was carried
out for a time period of 1h and at various time intervals aliquots from reaction mixture
were removed and filtered through a syringe with a 0.22µm Millipore filter. The filtrate
was then analyzed on a Hewlett-Packard 5890 gas chromatographer equipped with a
flame ionization detector, using a 5% phenylmethylsiloxane capillary column.

The

reaction products were identified using a Aglient model 6890 gas chromatograph-mass
spectrometer with an identical column.

5.3

Results and Discussion
We chose the surfactant 18-12-18 as the template for the mesoporous phase since

it is known to favor the formation of the cubic mesoporous material, MCM-48.17 At
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room temperature, this surfactant made a low-quality cubic Al-MCM-48 mesophase,
based on the intensity and broadness of its powder X-ray diffraction (XRD) peaks, that
could be indexed to the Ia 3d space group. The quality of the mesophase could be
improved by either heating the reaction mixture containing 18-12-18 to 100 ˚C during the
polymerization process or by using the surfactant 22-12-22 instead. For experiments
involving mixed-phase materials, 18-12-18 was used because these materials required a
crystallization step at 150 ˚C that inherently improved the quality of the mesophase and
because 22-12-22 was difficult to remove from the final structure by calcination (due to
the large amount of carbon it added to the solid).18 As described in several of our other
publications, a variety of mixed-phase materials can be prepared from a single reaction
mixture by altering the length of the crystallization time at 150 ˚C.19-22 All samples
contained the same reagent ratio and the synthetic procedures were identical, including a
stirring step at room temperature prior to the crystallization step.

5.3.1 Physical Characterization of Al-MMM-2
XRD patterns for Al-MMM-2 crystallized at various times are shown in Figure 51. The XRD pattern of the material crystallized for 12 h is characteristic of MCM-48,
with (211) and (220) diffraction peaks clearly visible in the low angle region of the
spectrum (2θ = 1 – 7˚).1, 2 The other diffraction peaks for the cubic Ia 3d space group, at
2θ = 3 – 6˚, are somewhat weaker and less well defined than for pure Al-MCM-48, which
is likely related to the different reaction conditions for the two samples. The XRD pattern
for this sample at 2θ = 7 – 30˚ shows the broad feature at approximately 2θ = 25˚ that is
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attributed to the amorphous nature of the silicate walls in mesoporous materials.23
Increasing the crystallization time to 30, 36, and 50 h led to the formation of mixed-phase
materials, based on the XRD patterns shown in Figures 5-1b, c, and d. In these patterns,
in addition to the diffraction peaks due to the mesoporous phase at low angles, welldefined peaks are also observed at higher angles due to the formation of the zeolitic
phase. The positions of these peaks match well with the zeolite MFI. The particle size of
the zeolite, calculated from the Scherrer equation,24 was found to be approximately 20 –
26 nm and increased as a function of crystallization time. As the intensity of the zeolitic
peaks increased, the peaks in the low angle region shifted to lower values of 2θ along
with a simultaneous decrease in intensity and increase in broadening of the peaks. The
variation in the unit cell parameter, calculated from the XRD patterns for the Al-MMM-2
samples, is given in Table 5-1. The unit cell parameter increased from 81 to 88 Å as the
crystallization time increased from 12 to 36 h. This increase is due to both an increase in
the thickness of the silica walls,25-27 and an increase in the pore diameter of the
mesoporous phase. Interestingly, this trend in the unit cell parameter is opposite to the
one observed in Ti-MMM-2.21 In the latter materials, formation of extra-framework Ti
due to breakdown of the mesoporous structure was also observed, which resulted in
filling of pores and a decrease in the pore diameter as a function of crystallization time.
In Al-MMM-2, most of the Al is present in a tetrahedral coordination environment
throughout the transformation, indicating that it is retained in the inorganic framework
(see

27

Al MAS NMR data below). The inclusion of heteroatoms within the silicate has

been shown to cause increases in the wall thickness of similar materials;28 thus, we
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attribute the increase in wall thickness and pore diameter to the retention of Al within the
inorganic framework. The decrease in intensity and peak broadening observed at low
angles corresponds to disordering of the mesoporous phase, which is consistent with
inhomogeneous formation of the zeolite within the walls and the pore system of this
phase.19-22

Figure 5-1. Powder XRD patterns of calcined Al-MMM-2 in the mesophase (1 - 7˚)
and microphase (7 - 30˚) regions of the patterns. Samples were crystallized at 150 ˚C
for (a) 12 h, (b) 30 h, (c) 36 h, (d) 50 h, and (e) 70 h. Note the different vertical and
horizontal scales of the two regions.
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At crystallization times longer than 50 h, very weak or no peaks in the low angle region
of the spectrum were observed, indicating loss of long range ordering of the meso phase.
It appears that the microporous phase grows within the walls of the mesoporous phase,
eventually forming larger crystallites within the mesoporous particles of the size
indicated by the Scherrer equation and ultimately leading to complete breakdown of the
mesoporous structure. At intermediate times, the material should contain an
interconnected network of micro- and mesopores.

5.3.2 N2 Physisorption
N2 physisorption isotherms of several Al-MMM-2 samples are shown in Figure 52; physical data for the materials are summarized in Table 5-1. The isotherms for samples
crystallized less than 36 h are type IV, typical of mesoporous materials,29,

30

with

capillary condensation occurring at p/po values between 0.25 and 0.45. At longer
crystallization times, the capillary condensation region of the isotherm shifted to higher
p/po values, indicating that pore diameter increased slightly as a function of
crystallization time. In addition, this region of the isotherm begins to flatten out for
samples that were crystallized for longer times, indicating that the pore size distribution
becomes more broad. These changes are in fact found in the pore size distribution plots
derived from the isotherms (Figure 5-3). For samples crystallized longer than 36 h, the
isotherms closely resemble the Type I model typical of microporous materials, and the
pore size distribution does not indicate a significant amount of mesopores within the
material.
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Figure 5-2. Nitrogen physisorption isotherms of calcined Al-MMM-2 crystallized at
150 ˚C for (a) 12 h, (b) 30 h, (c) 36 h, (d) 50 h, and (e) 70 h.

The data is in agreement with the XRD and NMR results, indicating the development of a
microporous phase in the material and the simultaneous breakdown of the mesoporous
phase as crystallization time is extended. Finally, the presence of a prominent H2
hysteresis loop in the Al-MMM-2 isotherms at intermediate crystallization times is also
taken as an indication of a significant amount of microporosity in these samples with
disordered and small regions of the mesoporous phase.29
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Figure 5-3. Pore size distribution plots of calcined Al-MMM-2 crystallized at 150 ˚C
for (a) 12 h, (b) 30 h, (c) 36 h, (d) 50 h, and (e) 70 h. The BJH equation was used to
calculate the distributions.

The decrease in the surface area and the pore volume of Al-MMM-2 as a function
of crystallization time is attributed to the formation of increasing amount of the
microporous phase. Initially, the pore size distribution plots of Al-MMM-2 show an
increase in the mean pore diameter as a function of crystallization time from 12 to 36 h,
and the pores are also larger than pure Al-MCM-48. The creation of larger pores due to
hydrothermal restructuring of silica has also been observed by other researchers,14 and
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thus these changes reflect the reactive nature of the silica surface. The physical data in
Table 5-1 also show that the increase in the unit cell parameter, calculated from XRD, is
not due solely to the pore diameter increase; the wall thickness of the mesoporous phase,
calculated using an equation for the Ia 3d space group in other publications,27 also
increases.

Table 5-1. Physical Data for Al-MMM-2, Al-MCM-48, and MFI.

These changes, together with the broadness of the pore size distribution in Al-MMM-2
crystallized for longer times, support a model in which the microporous phase forms
inhomogeneously within the mesophase as it becomes increasingly disordered. At
crystallization times longer than 36 h, the pore size distribution plot does not show any
remaining mesoporous phase; however, the surface area and pore volume decrease
dramatically, indicating the continued growth of the microporous phase. Concurrent with
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the decrease in mesoporous properties, a measurable microporous contribution to the total
pore volume appears, as measured by the t-plot method.

5.3.3 Infrared Spectroscopy
Figure 5-4 shows the FTIR spectra of Al-MCM-48, Al-MMM-2, and MFI. The
spectrum of Al-MCM-48 shows bands at 1220, 1082, 960, 800, and 450 cm-1. The band
at 960 cm-1 is attributed to the stretching vibration of the Si-OH bond, while other bands
due to the asymmetric (1220 and 1082 cm-1), symmetric (800 cm-1), and bending (450
cm-1) vibrations of the Si-O-Si bonds are also observed.31 The spectrum of Al-MMM-2
crystallized for 12 hours (Figure 5-4b) matches closely with that of Al-MCM-48,
indicating a close structural resemblance between the two samples. In the case of AlMMM-2 samples crystallized for 30 to 50 h, new bands were found to grow
progressively as a function of crystallization time at approximately 975, 625, 590 and 548
cm-1. The band near 550 cm-1 is characteristic of the five-ring T-O-T structure in zeolites,
where T = Si or Al.7, 14 Thus, the presence of this band clearly indicates formation of a
zeolitic phase in samples crystallized for 30 h or longer, consistent with the XRD studies
discussed above. The bands at 625 and 590 cm-1 in these samples are also generally
attributed to nanocrystalline zeolitic material.32 The band at 975 cm-1 is attributed to the
stretching vibrations of zeolitic Si-O-Si bonds. However, the position of this band is
somewhat different than that seen in the pure zeolites (995 cm-1). The shift in the position
of this band in Al-MMM-2 samples is likely due to the presence of a distorted zeolitic
species in a confined space and within the walls of the Al-MCM-48. It has been observed
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in other samples prepared by this method.21 The band at 960 cm-1 begins to broaden into
the emerging shoulder at 975 cm-1 with increasing crystallization time. It is well known
that mesoporous silica contains a large amount (15 – 30 % of the total number of Si
atoms) of uncondensed silanol groups [Si(OSi)3(OH) or Si(OSi)2(OH)2].1, 33 However,
only 4 – 6% of the the Si atoms in zeolites are uncondensed.1 Thus, the formation of a
zeolitic phase should lead to a decrease in the intensity of the band at 960 cm-1. In
summary, the IR data point to the formation of zeolitic structures within the walls of AlMCM-48.

Figure 5-4. FTIR spectra of (a) calcined Al-MCM-48 and calcined Al-MMM-2
samples crystallized at 150 ˚C for (b) 12 h, (c) 30 h, (d) 36 h, and (e) 70 h. The
spectrum of MFI is shown in (f).
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5.3.4 Nuclear Magnetic Resonance Spectroscopy
NMR spectroscopy was used to study various aspects of the products. The

29

Si

MAS NMR spectrum of MFI (Figure 5-5) showed a peak at approximately -115 ppm that
can be assigned to fully polymerized Si atoms (Si(OSi)4) of MFI;34 a smaller, broad peak
near -108 ppm is assigned to Si(OSi)3(OR) environments, where R = H or Al.

Figure 5-5.
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Si MAS NMR spectra of (a) Al-MCM-48, Al-MMM-2 crystallized for

(b) 12 h, (c) 30 h, (d) 36 h, (e) 50 h, (f) 70 h. The spectrum of MFI is shown in (g).

Similarly, the peaks at -109 ppm and -103 ppm in the spectrum of Al-MCM-48 are
assigned to Si(OSi)4 and Si(OSi)3(OR) species, with the peak at -93 ppm being assigned
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to more uncondensed Si(OSi)2(OH)(OR) species.35 These peak positions are consistent
with the results of other experiments.21,

36

Interestingly, the spectrum of Al-MMM-2

crystallized for 50 h shows peaks that are characteristic of both mesoporous and
microporous environments. In other experiments, intensity of the peak near -113 ppm
was found to increase as a function of crystallization time, while intensities of the
mesoporous peaks decreased. This indicates that the amount of the microporous phase in
the material is dependent on the crystallization time, and that this phase grows at the
expense of the mesoporous phase.
We also examined
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Al MAS NMR, which gives information about the

coordination environment of the Al atoms within the framework. The spectra of AlMMM-2 crystallized for 12, 36, and 70 h and of MFI are shown in Figure 5-6. All of the
samples show a prominent peak at approximately 54 ppm, which is assigned to
tetrahedrally coordinated Al.31 The spectra of Al-MMM-2 crystallized for more than 36
h also show a small peak at 0 ppm, which is attributed to the presence of octahedrally
coordinated Al.31 This is an indication of a small amount of extra-framework Al. These
results indicate that although some dealumination does occur during the crystallization
and restructuring of the inorganic material, the majority of the Al atoms in Al-MMM-2
remain tetrahedrally coordinated throughout the process.
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Figure 5-6.
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Al MAS NMR spectra of (a) MFI and Al-MMM-2 samples crystallized

for (b) 12 h, (c) 36 h, and (d) 70 h.

5.3.5 Transmission Electron Microscopy
Figure 5-7 shows the TEM images of Al-MMM-2 crystallized for 12, 30, 36, and
50 h. At 12 h crystallization time, Al-MMM-2 shows a number of regions of ordering,
typical of the (110) direction of the Ia 3d phase. However, some regions of disordering
were also observed, in agreement with the somewhat broad and unresolved secondary
XRD peaks between 2θ = 3 to 6˚. With continued increase in crystallization time, the
disordering in the mesoporous phase increased, as observed from TEM pictures for Al-
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Figure 5-7. TEM images of Al-MMM-2 crystallized at 150 ˚C for (a) 12 h, (b) 30 h,
(c) 36 h, and (d) 50h.

MMM-2 crystallized for 30, 36 and 50 h. Indeed, Al-MMM-2-50 showed a highly
disordered structure and a total collapse of the mesoporous structure in certain regions.
Unlike XRD studies, where application of the Scherrer equation to the peaks in the
microporous region of the spectrum (2θ = 7 – 40˚) gave an estimated particle size of 20 to
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26 nm, no isolated or segregated microporous phase was observed in the TEM images of
any of the Al-MMM-2 samples. These results are consistent with those found in other
research,6 and support the conclusion that the larger MFI particles observed in XRD are
formed through the growth of smaller particles within the mesoporous phase, thus
indicating that the microporous phase is mostly confined within the mesoporous particles
and leading to an interconnected pore system.

5.3.6 Temperature Programmed Desorption of Pyridine
Pyridine-TPD is commonly used to characterize acid sites on zeolites as well as
mesoporous materials.37,
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Figure 5-8 shows the TPD desorption profiles for the

adsorbed pyridine on various samples. All samples showed a strong desorption peak
below 100oC resulting from desorption of physisorbed pyridine. In the case of Al-MCM48, a second desorption peak appears at about 140oC (Tmax) and is attributed to weak
Brønsted acid sites.39 The peak shifts to higher desorption temperatures with the AlMMM-2 samples, centering around 190 oC for the 36 h sample. A peak centered on 325
o

C also begins to emerge with Al-MMM-2 samples at longer crystallization time, with the

sample crystallized for 70 h showing the largest peak. This peak could be associated with
the presence of medium strength acid sites.

The MFI material does not show a

corresponding peak at this point, however, the results show a broad tail above 500 oC
indicating stronger acid sites. The lack of more distinct features in MFI materials can be
explained by the inaccessibility of a bulkier amine, pyridine, to some of acid sites of the
zeolite.40-42 In general, the Al-MMM-2 samples show distinct acid sites (desorption peak
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at about 325 °C) compared to the pure Al-MCM-48 and MFI materials indicating that it
possesses a unique structure.

Figure 5-8. TPD profiles of materials (a) Al-MCM-48, (g) MFI and Al-MMM-2
samples crystallized for (b) 12 h, (c) 30 h, (d) 36 h, (e) 50 h, (f) 70 h.

5.3.7 Alkylation of Cumene with Benzyl Alcohol
Liquid-phase Friedel-Crafts alkylation reaction of cumene with benzyl alcohol
was studied using Al-MMM-2, Al-MCM-48, ZSM-5 and a physical mixture of Al-MCM48 and ZSM-5. Bulky substrate molecules and products formed in this reaction have poor
diffusibility in relatively small pore zeolites as compared to meso phase. Thus overall
reaction results on Al-MMM-2, Al-MCM-48 and ZSM-5 would thus help in highlighting
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the role of mixed phase materials and the role of zeolitic species present within the walls
of meso phase material.
Alkylation of aromatic compounds has been shown to follow two reaction
pathways.43,

44

The first pathway involves the direct reaction of benzyl alcohol with

cumene to form benzyl cumene isomeric products, while the second pathway involves
interaction of two benzyl alcohol molecules to form an ether by dehydration process.
Figure 5-9 presents the data for conversion of benzyl alcohol as a function of time using
catalyst samples Al-MCM-48, Al-MMM-2 crystallized for 30 h, MFI, and a physical
mixture of Al-MCM-48 and MFI. Al-MMM-2 materials crystallized at other reaction
times were found to be sub-optimal. The reaction proceeds very quickly with Al-MCM48, Al-MMM-2, and the physical mixture with all showing >90% conversion after 50
minutes. As expected, the MFI zeolite showed very poor performance (<10%) and this is
attributed to poor diffusion of both the substrate and product through the small pores of
the MFI structure. No reaction was observed in the absence of a catalyst and <3%
conversion was seen using the purely siliceous material. Although Al-MMM-2 and AlMCM-48 showed a similar final conversion at the end of 1h, the reaction proceeds more
quickly with the Al-MMM-2 material as compared to Al-MCM-48. Table 5-2 shows the
final product distribution obtained on various samples. The ortho and para isomers of the
reaction product (benzyl cumene) as well as the intermediate benzyl ether product were
observed. Both Al-MCM-48 and the physical mixture of Al-MCM-48 and ZSM-5 have
almost similar product distribution after 50 minutes with a significant quantity of the
benzyl ether still present. Al-MMM-2 shows the highest amount of alkylated product as
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compared to Al-MCM-48 as well as physical mixture of Al-MCM-48 and ZSM-5 thus
clearly indicating unique structure of mixed phase materials with distinct acid sites
favoring the formation of alkylated product as compared to both the individual micro and
meso phase materials.

Figure 5-9. Percent conversion of benzyl alcohol during the alkylation of cumene for
(a) Al-MMM-2 crystallized for 30 h, (b) Al-MCM-48, (c) physical mixture of AlMCM-48 and MFI, and (d) MFI.
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Table 5-2. Selectivity of aluminum containing catalysts in the alkylation of cumene
with benzyl alcohol after 1 h.

5.4

Conclusions
The paper presents a simple and fast one-pot synthesis method for the formation

of the mixed-phase MFI/Al-MCM-48 material Al-MMM-2. Sequential addition of the
gemini surfactant 18-12-18 as the template for the mesoporous phase and TPA+ as the
template for the microporous phase produced the mixed-phase materials. The relative
amount of the two phases was controlled as a function of crystallization time at 150 ˚C;
short times produced Al-MCM-48, while times longer than 70 h produced MFI. The
extent of each phase can thus be controlled by varying the crystallization time.
Characterization of Al-MMM-2 by XRD, N2 physisorption, and FTIR clearly revealed
the formation of both phases within the same material.
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Al MAS NMR indicated that

although a small amount of extra-framework Al formed during the process, most Al
remained tetrahedrally coordinated within the inorganic framework. Pyridine TPD studies
revealed a changing composition of acid sites with the MMM-2 materials.

TEM

confirmed the continued disordering of the mesoporous phase as crystallization time
increased; although discrete microporous regions on the length scale predicted by XRD
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were not observed, this is likely due to the growth of the microporous phase within the
mesoporous particles.

Finally, catalytic studies showed that the 30 h Al-MMM-2

material reacted more quickly and were more selective in the alkylation of cumene with
benzyl alcohol.
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6.

6.1

Adsorption of DNA into Mesoporous Silica

Introduction
The prospect of gene therapy and genetic engineering as a new medical technique

has highlighted the challenges involved in transferring custom genetic material into
cellular environments to correct genetic diseases. Currently, only a few methods are used
to deliver and protect DNA during cellular transfection. The most common and simple
method of gene delivery is the viral vector system, whereby a non-pathogenic virus is
used as the method of transport. By manipulating the viral genome, viral genes can be
modified with custom genetic material and grown in cell cultures to produce large
quantities of viruses, which are then applied to cells for targeting various genetic
diseases. Several classes of viral vectors have been developed such as retro-, adeno-, and
adeno-associated viral vectors.1 Clinical trials with viral vectors have shown that this
method can be effective in DNA delivery and expression;2 however, the procedure has
been limited by the risks involved in expression of the viral genetic code, as well as its
nonspecificity.3 This has led to the engineering of many synthetic systems to package and
deliver DNA to cells. Most synthetic delivery systems have been developed around a
lipid/DNA or polymer/DNA scheme. Cationic liposome systems interact with negatively
charged DNA to form complexes capable of entering the cell.4 Of such conjugates,
Lipofectamine is the most widely recognized liposome system. Similarly, ionic polymer
systems have been extensively engineered into complexes for DNA delivery.5, 6 Among
these include vectors based off cationic poly(ethyleneimine)7 and poly(ethyleneoxide).8
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Although these systems have been extensively developed and studied, ineffective
delivery and cytotoxicity issues remain prevalent. More recently, synthetic nanoparticles
with cationic surfaces has provided an alternative approach to DNA delivery.9
Amorphous silica nanoparticles are particularly attractive due to their high chemical
resistance to microbial attack, low toxicity, thermal stability, and ease of modification.10
Several attempts have been made to modify the external surface of silica nanoparticles
materials for DNA binding by the attachment of cationic linkers that electrostatically bind
DNA molecules.11-13
Mesoporous silica, formed by polymerizing a silica source in the presence of
surfactants, has attracted tremendous research interest since its was first reported in
1992.14 These materials typically possess large surface areas (in excess of 1000 m2/g) and
large internal pore volumes, and have narrow pore size distributions that can be tailored
during synthesis.

These characteristics have led to the study of mesoporous silica

materials in a range of applications where porosity is an important feature, such as
catalysis and chromatography.15,

16

The large surface area and the controllable pore

diameters have also made mesoporous silica attractive as a potential delivery agent for
guest molecules, which can be easily adsorbed into their pores by ion exchange or
covalent bonding for later release within cells.17, 18 Recent studies19 have focused on the
immobilization of metals,20 proteins,21-24 enzymes,25-27 and drug molecules28-30 into
mesoporous silica. Increased uptake capacities (as compared to nonporous materials)
have been observed, and subsequent studies involving release of the adsorbed molecules
have laid the groundwork for the use of mesoporous materials as delivery agents.
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In contrast to most forms of mesoporous silica, acid-prepared mesoporous silica
(APMS) has a distinctive spherical shape that is particularly useful in applications
involving microscopy and chromatography.31 The synthesis of APMS is complete in less
than two hours, and the particle size and pore diameter of APMS are easily controlled
simply by altering a set of standard reaction conditions. As with most forms of
amorphous silica, its internal and external surfaces are easily functionalized through
reaction with organosilanes. We have recently shown that APMS is an effective substrate
for chromatography and catalysis;32-37 however, its large surface area and tunable
spherical particle size also make it an attractive candidate as a vector for cellular
transfection. Prior to these studies, data must be gathered regarding the conditions
required for effective adsorption and desorption of DNA within the pores. To date, there
has been only one study describing the adsorption of DNA within mesoporous silica.38
However, this study did not use APMS as the mesoporous substrate, and was somewhat
limited in the methods used to adsorb DNA. In this report, we describe the loading of
APMS with linear double-stranded DNA. DNA adsorption is studied as a function of
pore size and the type of organic functionality or inorganic ion used to bind the DNA. Xray diffraction, nitrogen physisorption, UV-Visible spectroscopy, and fluorescence
confocal microscopy before and after pore filling are used to demonstrate that genetic
material is taken up into the pores of APMS. We also attempt to define optimal
conditions for DNA adsorption, and to quantify the maximum amount of DNA that can
be adsorbed for a specific set of conditions.
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6.2

Experimental

6.2.1 Materials and Methods
Powder X-ray diffraction (XRD) experiments were performed on a Scintag X1 θθ diffractometer equipped with a Peltier (solid-state thermoelectrically cooled) detector
using Cu Kα radiation (λ=1.5456 Å).

Scanning electron micrographs (SEM) were

acquired using a JEOL JSM-T300 instrument operating at 20 kV. Samples were sputtered
with gold to reduce charging. Thermogravimetric analyses (TGA) were carried out on a
Perkin-Elmer Pyris 1 thermogravimetric analyzer with a heating rate of 20 °C/min and
N2 purge gas at a flow of 40 ml/min. Nitrogen adsorption and desorption isotherms were
obtained on a Micromeritics ASAP 2010 instrument. Mesoporous silica was degassed
overnight at 100 ˚C under vacuum prior to measurement; DNA-containing samples were
degassed at 40 ˚C under vacuum overnight to avoid denaturing the material. Surface areas
and pore size distributions were calculated using the BET and KJS39 methods,
respectively. Confocal fluorescence microscopy was performed on a Bio-Rad MRC1000 instrument using an excitation wavelength of 488 nm. UV-visible spectra were
recorded on a Perkin-Elmer Lambda 35 spectrophotometer. The solid-state 29Si MAS
NMR spectra were measured on a Bruker model ARX-500 spectrometer at a resonance
frequency of 99.35 MHz. The powdered samples were placed in 7.0 mm diameter
zirconia rotors and spun at a rate of 4.0 kHz. A 30 s recycle delay was used between
pulses. The chemical shifts were referenced to 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt. Calcinations to remove surfactant prior to modification were carried out in a
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box furnace under conditions of flowing air. The following heating profile was used for
calcinations: 2o C/min ramp to 450o C, 240 min hold at 450o C, 10o C/min ramp to 550o
C, 480 min hold at 550o C.
Double-stranded calf thymus DNA, consisting of approximately 2000 base pairs,
was purchased from Invitrogen and was used as supplied. As stated by the manufacturer,
the DNA is double stranded and consists of approximately 2000 base pairs. Fluoresceinlabeled dUTP and PCR reaction components were purchased from Roche Molecular
Biochemicals. Nucleotide primers for the gene for green fluorescent protein (GFP) were
ordered from Invitrogen and diluted with TE buffer (10mM Tris-HCl, 1mM EDTA, pH
8.0). Tetraethyoxysilane (TEOS, 98%), and cetyltrimethylammonium bromide (CTAB)
were obtained from Aldrich and used as received. Parr autoclaves were purchased from
the Parr Instrument Corp. All other chemicals were purchased from Sigma and used as
received.

6.2.2 Synthesis of APMS
A solution of water (39.6 g), ethanol (100 wt%, 11.1 g, 232 mmol) and
concentrated HCl (4.4 g, 12.2 M, 40 mmol) was prepared. CTAB (1.8 g, 4.9 mmol) was
then dissolved in this solution, and NaF (4.76 g, 113 mmol) and TEOS (4.0 g, 19.2
mmol) were added simultaneously. The mixture was stirred until it became cloudy (~ 90
s), at which point it was immediately transferred to a Teflon bottle and heated at 100 ˚C
for 40 min. The resulting mixture was cooled to room temperature, filtered, washed, and
calcined. The average pore diameter of APMS could be easily increased by a previously
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published method.40 In a typical preparation, calcined APMS (3 g) was suspended in
NH4OH (75 mL, 1 M, 75 mmol) in a Teflon bottle and the mixture was heated at 100 ˚C
for various times; longer reaction times yielded larger pores and broader pore size
distributions.
Surface modification of APMS materials was accomplished by reacting 500 mg
dry APMS with 3-aminopropyltriethoxysilane (APTES, 0.92 g, 4.15 mmol) at reflux in
toluene (20 mL) for 24 h. The resulting suspension was filtered, washed with toluene and
methanol, and dried overnight under heat and vacuum to yield aminopropyl-modified
APMS.

6.2.3 Incorporation of Metals into APMS
APMS was loaded with metals prior to DNA adsorption by stirring the calcined
material for 30 min in 0.1 M solutions of MgCl2, CaCl2, or Na3PO4 buffer (50 mL
solution/ 0.1 g APMS). The mixture was then filtered and the procedure repeated twice.
The resulting metal doped APMS was dried at 100˚ C overnight.

6.2.4 Synthesis of Labeled Linear GFP-DNA
A solution of deionized H2O (100 mL), LB Broth base (2.0 g), and ampicillin (1
mL of a 100 mg/L solution) was prepared in a 150 mL flask. It was then autoclaved, and
after cooling it to room temperature, 100 µL of an ampicillin-resistant e. coli strain with a
DNA plasmid containing the gene for green fluorescent protein (GFP) was added. The
growth mixture was then incubated at 36 ˚C for 48 h. After this time, the culture was
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removed and refrigerated. The E. coli DNA was isolated and purified using a Wizard Plus
Minipreps DNA Purification System (Promega). DNA replication and amplification of
the GFP gene was achieved by the polymerase chain reaction (PCR) process. The base
pair sequence of the forward primer (5' to 3') was AGC TGC TAT GTT GTG TGG; the
sequence of the reverse primer (3' to 5') was GTG GTC TCT CTT TTC GTT GG.

6.2.5 Preparation of APMS-DNA Conjugates
Adsorption isotherms were obtained by preparing a series of DNA solutions with
concentrations ranging from 1 to 200 µg/mL in either a 0.1 M solution of the appropriate
metal ion or pure water (for surface-modified APMS). In each experiment, 1 mL of the
DNA solution was applied to 10 mg of metal-exchanged APMS and the resulting mixture
was continuously shaken at 500 rpm at room temperature for 24 h. The mixtures were
then centrifuged and filtered with 0.22 µm Millipore PVDF filters to ensure that all silica
particles were removed from the solution, which minimizes interference in subsequent
spectrophotometric experiments due to light scattering of suspended APMS particles.
The amount of DNA adsorbed by APMS was calculated from the difference in the
concentration of DNA before and after addition of APMS, as determined by UV
absorption at 260 nm. Triplicate samples were run for each experiment. Blank solutions
were prepared by mixing 10 mg silica with each of the buffer solutions. Calibration
experiments were carried out to account for any changes in adsorption caused by the
presence of increased ionic conditions.
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6.3

Results and Discussion
Although other studies have examined the attachment of DNA to the external

surfaces of silica nanoparticles, the aim of this study was to examine DNA exchange into
the pores of mesoporous silica. At room temperature, DNA adopts a helical geometry
with an estimated cross-sectional diameter of approximately 19 Å, which should allow it
to be incorporated into mesoporous silica (typical pore diameters 30 – 100 Å). In
particular, APMS is a good candidate for biological applications since it has a spherical
shape that can easily be identified by microscopy and it is highly monodisperse (Figure 61a). In preliminary experiments to qualitatively confirm whether or not DNA can diffuse
into the pores of APMS with 34 Å pores, linear DNA molecules of approximately 760
base pairs were fluorescently labeled during the polymerase chain reaction (PCR) process
by including a percentage of Fluorescein-488-labeled dUTP into the polymerase chain
reaction (PCR) mixture. The linear sequence chosen was that of the green fluorescent
protein (GFP), since its sequence has been well characterized. Linear DNA labeled in this
manner was subsequently applied to APMS in a 0.1 M MgCl2 solution for 24 h. The
resulting conjugate was studied with fluorescence confocal scanning laser microscopy
(CSLM) at an excitation wavelength of 488 nm (Figure 6-1b). Since the CSLM technique
allows optical sections of the particles to be taken, the presence of fluorescent molecules
within the pores of APMS can be observed; a spherical image indicates that the DNA has
penetrated throughout the interior of the particles, while a ring indicates that the DNA is
located only on the outer surfaces. This image therefore indicates that the labeled DNA
molecules are able to diffuse into the pores in short periods of time.
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Figure 6-1. Microscopy of APMS-34 (a) SEM image of APMS-34 (bar = 3 µm) and
(b) fluorescence CLSM image of APMS-34 after adsorption of double-stranded DNA
labeled with fluorescein-488 (bar = 2 µm).

For experiments involving the characterization of APMS-DNA conjugates and
more quantitative uptake studies, three materials were prepared with pore diameters of
34, 54, and 100 Å, and were designated APMS-34, -54, and –100. The latter two
materials were synthesized by first preparing APMS-34 and then using previously
published post-synthetic treatments to enlarge the pores of the material.40 Since much
more DNA was required than could be easily provided by PCR of the GFP gene, we
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chose to use a calf thymus DNA sequence of approximately 2000 base pairs for these
studies.

6.3.1 Physical Characterization of APMS and DNA-Loaded APMS
The XRD patterns of the APMS used in these studies are shown in Figure 6-2.
The presence of only a single broad diffraction peak near 2.4˚ for the parent material,
APMS-34 (curve a), is an indication of its amorphous nature.32,

34, 41

The diffraction

pattern of the related material Mg2+-APMS-34, after adsorption of DNA (curve c) shows
a decrease in the intensity of the diffraction peak. This is indicative of the presence of a
guest molecule inside the pores of the APMS, and is attributed to the decreased density
difference between the silica walls and the pore relative to the parent material.42 The
XRD pattern of aminopropyl-modified APMS-34 ("AP-APMS-34", curve b) decreases
slightly in intensity due to the presence of the organic functionality. However, a much
more significant reduction in intensity is seen after adsorption of DNA into the pores of
this material (curve d), which indicates greater adsorption of DNA into the pores of the
aminopropyl-modified material than in the presence of metal cations. Similar results were
observed for APMS-54 and –100 and for materials containing Ca2+.
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Figure 6-2. Powder XRD patterns of (a) unmodified APMS-34 and modified
derivatives: (b) AP-APMS-34, (c) DNA-doped APMS-34, and (d) DNA-doped APAPMS-34.

The textural properties and corresponding nitrogen adsorption isotherms of
APMS-34, AP-APMS-34, and DNA-doped APMS materials are shown in Table 6-1 and
Figure 6-3. APMS-34 showed the large BET surface area (946 m2/g) and pore volume
(0.91 cm3/g) that are characteristic of mesoporous materials. The average pore size
distributions of APMS-34, -54, and –100 are shown in Figure 6-4, which indicates that
the pore expansion process, which can be controlled simply by monitoring the time that
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the parent material spends in an ammonium hydroxide solution, is successful in
increasing the average pore diameter.

Table 6-1. Physical Data of APMS materials.

However, other consequences of the pore expansion was that the surface area of APMS54 and APMS-100 decreased to 715 m2/g and 500 m2/g while the pore volume of the
materials increased to 0.94 cc/g and 1.0 cc/g, respectively. Subsequent ion exchange
with a 0.1 M solution of Mg2+ followed by contact with DNA reduced the overall surface
area and pore volume of all materials (Figure 6-3, curves b) indicating that DNA
adsorption within the pore had occurred. Doping of APMS-34 with DNA (Table 6-2)
resulted in the smallest decrease in surface area (-2.6%) but produced the largest
reduction in pore volume (-23%). Similar studies on the adsorption of enzymes into
porous materials noted a similar trend when pores were too small to accommodate guest
molecules and became blocked by molecules that were partially adsorbed into the
mesopores.43
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Figure 6-3. Nitrogen physisorption isotherms of APMS-34, -54, and –100 and their
derivatives: (a) parent APMS, (b) DNA-doped Mg+2-APMS, (c) AP-APMS, and (d)
DNA-doped AP-APMS.

In this case, N2 molecules, which are small relative to the pore diameter, may still diffuse
into pores that are partially blocked by DNA molecules, accounting for the smaller
decrease in surface area. The pore size of APMS-34 was large enough to accommodate
the DNA molecule; however, the process was less favorable than for larger pore
materials, since the DNA needed to be in an extended conformation to diffuse completely
inside the pore. In contrast, some supercoiled DNA could fit into APMS-54 and APMS-
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100; this was confirmed by related studies involving size-exclusion chromatography of
polystyrenes using APMS.36

Table 6-2. Physical data of DNA-doped APMS materials.

Accordingly, adsorption of DNA into the larger pore APMS-54 and -100 materials
resulted in a greater reduction in surface area with a smaller decrease in pore volume.
This suggested that the DNA molecule was able to diffuse more completely into the
larger pore material. Modification of APMS with the organic linker resulted in a
significant reduction in the surface area, pore volume, and average pore diameter of the
base material, as shown by N2 physisorption experiments (Figure 6-3, curve c).
Subsequent exposure to DNA resulted in a much greater reduction of in total surface and
pore volume compared to the magnesium doped materials (curves d); for example, the
surface area of AP-APMS-100 was reduced by 53% from 357 to 169 m2/g, indicating that
adsorption of DNA into this material was quite favorable.
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Figure 6-4. Average pore size distributions of (a) APMS-34, (b) APMS-54, and (c)
APMS-100.

6.3.2 Effect of Metal Ion Identity and Concentration
Since it contains multiple phosphate sugar groups, at physiological conditions the
entire DNA molecule behaves as a large, negatively charged polyelectrolyte. Ionic salts
are known to promote DNA adsorption onto silica surfaces due to the mediation of the
electrostatic repulsion between the negatively charged silica surface and the DNA
molecule.44 The bridging behavior of the metal cation has been confirmed by Raman
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spectroscopy, which indicated that the metal binds to the phosphate backbone of the
DNA molecule and not to the DNA bases.45 Other groups have studied the differences in
binding capacity of DNA to clay surfaces with various metal cations.46-48
For our studies, the adsorption of DNA into the pores of mesoporous materials
was measured with respect to the equilibrium concentration of the DNA. Adsorption
characteristics were studied using the common Langmuir49 and Freundlich50 models. The
Langmuir model assumes monolayer adsorption onto homogenous surfaces whereas the
semi-empirical Freundlich model works well for heterogeneous surfaces at low
concentrations that do not show a finite uptake capacity:

Ce = KLbCs/(1+KLCs) (Langmuir)
Ce = KFCsA

(Freundlich)

where Ce = the amount of DNA adsorbed onto the silica (µg/mg), Cs = the DNA
concentration of the solution (µg/mL), b = the adsorption capacity of the solid (µg/mg),
KL = the Langmuir constant (mL/µg), and KF (mLA µg1-A mg-1) and A are empirical
Freundlich constants. Calculated adsorption constants and the corresponding linear
regression values are presented in Table 6-3. Consistent with studies of DNA adsorption
onto clay surfaces, DNA adsorption into mesoporous materials was dependent on the
identity of the metal cation present within the pores.45,

51

In a representative study,

APMS-54 was used to generate DNA adsorption isotherms in 0.1 M salt solutions (Figure
6-5).

DNA adsorption occurred quickly, with near maximum adsorption completed
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within several minutes of application. The solid lines in this figure are drawn based on
the model that showed the best fit (either Langmuir or Freundlich). Maximum adsorption
was seen to increase with the trend Na+ < Ca2+ < Mg2+. This trend is similar to that
reported in studies on the adsorption of DNA onto other inorganic materials and confirms
that divalent metals bind more strongly to DNA than monovalent ions.46 In the absence
of an ionic salt, no adsorption was observed; thus it was clear that the ion is required for
successful DNA adsorption.

Table 6-3.

Calculated Langmuir and Freundlich adsorption constants and linear

regression values.a

The Langmuir adsorption capacity of Mg2+-APMS-54 was calculated to be 5.7 µg
DNA/mg APMS, compared to 2.0µ g/mg for the Ca2+-doped material.

However,

differences in the nature of the adsorption were observed for each cation. The Langmuir
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model fit well with the Mg2+ counterion while the R2 regression values of both models fit
well for the Ca2+ counterion. (In the latter case, the absence of any saturation limit at
higher concentrations indicates that the Freundlich model better approximated its
adsorption behavior, consistent with literature reports).52
measured in the presence of Na+.

Negligible adsorption was

These variations suggested differences in the

adsorption process. The Langmuir model assumes homogenous and energetically equal
binding sites while the empirical Freundlich model is based upon multiple, energetically
unique binding sites. The adsorption behavior at equivalent ionic strength suggested that
Mg2+ was able to bind DNA more strongly than Ca2+.

Figure 6-5. Comparison of DNA adsorption into APMS-54 doped with several metal
cations. For Mg2+, a Langmuir fit was used for the data; for Ca2+ and Na+, a
Freundlich fit was used.
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6.3.3 Effect of Pore Diameter
APMS materials with varying pore sizes were synthesized in order to study the
effect of pore diameter on DNA adsorption. Based on the data obtained above with
respect to counterion identity, Mg2+ was selected for adsorption studies related to the pore
diameter of the silica substrate. The DNA adsorption isotherms of APMS materials with
varying pore diameters are shown in Figure 6-6.

Mg-APMS-34 adsorbed the least

amount of DNA, while APMS-54 showed the highest maximum adsorption capacity at
5.7 µg/mg. Interestingly, APMS-100 adsorbed less DNA (4.3 µg/mg) than the 54 Å pore
material, despite its larger pores. In order to further understand the adsorption behavior
of these materials, DNA adsorption capacity was compared relative to the total surface
area. Figure 6-7 presents the specific surface adsorption of the DNA. Mg-APMS-34
clearly adsorbed much less DNA per unit surface area than the other materials, indicating
that pore diameter limitations were hindering the diffusion of DNA into the pore.
However, Mg-APMS-54 and -100 have nearly identical specific adsorption capacities.
This indicated that, as long as the DNA can enter the pores easily, surface area and
presumably therefore the amount of loaded cation determined the loading capacity of the
materials. Therefore, the smaller overall surface area of the 100 Å material accounted for
its reduced DNA uptake.
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Figure 6-6. Comparison of DNA adsorption isotherms of Mg+2-doped APMS with
several pore diameters. A Langmuir fit was used for the 54 and 100 Å materials; for
the 34 Å material, a Freundlich fit was used.

Figure 6-7. Comparison of specific DNA adsorption isotherms of Mg2+-doped APMS
with several pore diameters. Data in Figure 6 was normalized with the surface areas of
each material.
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In the experiments described in the previous section, the pore diameter remained
the same and therefore the Langmuir and Freundlich constants were more important in
evaluating the strength of the DNA-ion interaction. However, in these experiments, the
adsorption constants among the three materials can be used to determine the extent of
intermolecular interactions among the DNA molecules. This is significant here because
the pore diameter changed, while the type of metal ion remained the same. In this case, a
good fit to the Langmuir model can be taken as an indication that the DNA is adsorbed
easily with little intermolecular interaction, while a fit to the Freundlich model indicates
the presence of stronger intermolecular interactions on energetically heterogeneous
surfaces.53 Analysis of the adsorption profiles with the two models revealed that both the
54 and 100 Å materials can be accurately fitted using the Langmuir model (Table 6-3).
Mg-APMS-54 and -100 have the same calculated KL value of 0.07 mL/µg. In contrast,
Mg-APMS-34 fit poorly to the Langmuir model and is much better represented by a
Freundlich isotherm. This suggests that intermolecular interactions between the DNA
molecules were significant when the pore diameter was small, since the molecules
competed for available adsorption sites and diffusion limitations into and out of the pore
were present. Accordingly, increasing the DNA concentration of the solution increases
adsorption into the pores without a distinct saturation limit. This behavior was unique to
Mg-APMS-34; apparently, the pores of the 54 Å materials are large enough that the
adsorption behavior of DNA was altered.
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6.3.4 Effect of Aminopropyl Linker
Our intention in studying aminopropyl-modified APMS was to compare surfacebound ammonium cations to exchangable metal cations. Generally, silica surfaces are
negatively charged and require charge mediation to bind DNA.12,

48, 54

Covalently

modifying silica surfaces to permanently locate a positive charge on the surface is
expected to produce more efficient DNA binding compared to using an ionic salt
solution, since the positive charge is covalently linked to the surface and should be
constant regardless of solution composition.

Other groups have attempted to graft

cationic linkers to the outer surface of silica nanoparticles in order to increase the uptake
of polyelectrolytes.11,

12, 54, 55

However, these studies did not attempt to quantitatively

compare the increase in DNA uptake in materials containing linkers versus those without
linkers. We used aminopropyl-modified APMS since it is easy to synthesize and in
aqueous solutions with pH values below the pKa of the amino group (pKa = 9.64), the
surface of aminopropyl-modified APMS should have a net positive charge.11, 12
Solid-state 29Si MAS NMR was used to confirm modification of the silica surface
with the silane linker. Figure 6-8 shows the spectra of the parent APMS-34 material
(curve a) and AP-APMS-34 (curve b). The parent material is highly condensed, with a
large fraction of the silica species in the fully condensed Si(-OSi4) state, as shown by the
large Q4 peak at -111 ppm (Q4/Q3 = 2.2). A small fraction of partially condensed Si(OSi)3(-OH) (Q3) species were also seen, as indicated by the appearance of a shoulder
around -102 ppm. After modification, a decrease in the Q3 shoulder is seen (Q4/Q3 = 3.2)
along with a corresponding appearance of T3 and T2 peaks: Si(-OSi)3(-R) and Si(-OSi)2(-
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OH)(-R), with shifts of -68 and -60 ppm, respectively, indicating that the aminopropyl
linker was successfully attached to the parent APMS material.

Figure 6-8.

29

Si MAS-NMR of (a) APMS-34 and (b) AP-APMS-34.

Thermogravimetric analysis (TGA, Table 6-1) revealed the extent of modification
to be similar for all materials (~2.2 mmol linker/g silica); however, normalized to the
surface area of each sample, APMS-100 had the highest extent of modification (6.2
µmol/m2). Figure 6-9 shows the adsorption of DNA onto AP-APMS-34, -54, and -100.
Overall, DNA adsorption was markedly increased compared to APMS containing metal
ions. For example, the maximum adsorption capacity of AP-APMS-100 was 15.7 µg/mg,
compared to 4.3 µg/mg for Mg+2-APMS-100. The difference in adsorption behavior and
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capacity between the metal cations and aminopropyl linker could be explained by
considering the differences between the two types of cations. First, the process of
mediating the charge between the silica and the DNA using a metal cation would likely
be entropically less favorable than the direct interaction of DNA with the aminopropyl
groups that are covalently bound to the silica surface. This is because the former case
involves a "trilayered" arrangement in which the metal cation interacts with both the
anionic silica and anionic DNA, while the latter case involves a direct electrostatic
interaction between the cationic ammonium group and the DNA. Therefore, the
equilibrium DNA adsorption is expected to be lower when metal cations are used. In
addition, since metal cations were present in the solution used for DNA exchange, charge
neutralized DNA-Mg+2 conjugates could also form in solution without adsorption to the
silica surface.
Overall, AP-APMS-100 was able to bind more DNA per unit surface area than the
other materials (Figure 6-10), in contrast to the results obtained for the metal-exchanged
APMS. Comparing the calculated Langmuir constants, the 100 Å material has a much
stronger affinity to bind DNA than the 54 Å material (KL = 1.45 vs. 0.25 mL/µg). The
large pore material was therefore not only able to accommodate more DNA molecules
per unit area, it also bound them more strongly. Additionally, as shown earlier, the postsynthetic modification of the silica with the aminopropyl linker decreased the effective
pore diameter and the pore volume of the material. Thus, APMS-54 began to behave
more like the smaller pore APMS-34 material following modification with
aminopropyltriethoxysilane.
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Figure 6-9.

Comparison of DNA adsorption isotherms of aminopropyl-modified

APMS with several pore diameters. The Langmuir model was applied to the data.

Figure 6-10. Comparison of specific DNA adsorption isotherms of aminopropylmodified APMS with several pore diameters. Data from Figure 9 was normalized to
the surface area of each material.
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6.4

Conclusions
Adsorption of DNA into APMS was studied by evaluating the relationships

between cation identity and concentration, pore diameter, and surface area with respect to
DNA adsorption. Confocal scanning laser microscopy revealed that fluorescently labeled
DNA molecules were able to diffuse into the pores of APMS-34. XRD and N2
physisorption studies before and after adsorption indicated that the DNA was located
inside the pores and not exclusively on the external surface. DNA adsorption was found
to be dependent on the type of metal cation used to mediate the charge between the DNA
molecule and the silica surface, with DNA having a higher affinity for Mg+2 than either
Ca+2 or Na+. The diameter of the pore was also found to affect the amount of DNA that
could be loaded into APMS.

Materials with pores greater than 54 Å were found to be

more favorable toward DNA adsorption as the molecules could likely enter the pores
without significant intermolecular interactions. Post-synthetic modification of APMS
with APTES was found to dramatically increase DNA adsorption. AP-APMS with 100 Å
pores adsorbed the largest quantity of DNA of any material studied. Porosity data
indicated that DNA is better able to fill the pores with the covalently modified AP
materials than with the metal linkers. It is presumed that the overall uptake of DNA with
the metals is limited by the affinity of the ion for the silica, which is likely not completely
exchanged, in addition to the affinity of the DNA toward the counterion. Although
incomplete at this time, preliminary studies of DNA desorption show that more DNA is
released from APMS in the presence of the magnesium linker as compared to the AP-
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modified materials. This agrees with the findings in this paper that the AP-modified
materials bind DNA more strongly. Currently, studies on the adsorption of cyclic DNA
(i.e., plasmids used for gene expression) rather than linear DNA are being undertaken and
future work will focus on building a complete vector system based on APMS, including
surface labeling of APMS for specific cellular targeting and uptake of DNA.
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7.

7.1

Storage and Release of DNA from Mesoporous Silica

Introduction
Extensive research efforts have been made in the past several years with the goal

of performing targeted delivery of molecules such as drugs or biomolecules to specific
cell types, either by direct molecular modification or by modifying a separate delivery
vector into which the drug can be loaded. This requires establishing control over critical
steps in the overall process, such as molecular loading, targeting, and delivery rate. In
particular, gene delivery systems have attracted attention since viral vectors, while
efficient and effective at gene transfer, pose safety concerns.1 Thus, there has been a
push towards the development of less toxic synthetic carriers, including organic
polymers,2, 3 dendrimers,4, 5 and liposomes,6, 7 as well as inorganic vectors such as metal
complexes8, 9 and nanoparticles.10, 11 The desired functions of these systems are to protect
DNA during transfection, to target the desired cells (thereby reducing side effects and
decreased dosages), to integrate efficiently into the cell, and to effectively deliver genetic
material to the nucleus.
Mesoporous materials offer several advantages as inorganic molecular delivery
vectors.12 In addition to being inherently non-toxic due to their amorphous nature,13 they
possess several attractive features including large surface areas, tunable pore diameters
and easily modifiable surfaces, all of which have been shown to influence drug uptake
and delivery rates.14-19 Biological applications studied recently include adsorption of
proteins and catalytic enzymes20 as well as the construction of drug delivery systems.21, 22
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Since it has been established that uptake and release properties of mesoporous materials
can be controlled by adjusting their physical features,23 the ease with which mesoporous
silica materials can be modified makes these materials an attractive candidate for drug
delivery applications. An idealized model for a molecular delivery system based on
mesoporous silica could be imagined in which DNA is exchanged into the internal pore
volume of the silica particle, while the exterior surface is functionalized with polymers
for enhanced bio-compatibility as well as biomolecules for cell targeting. Given these
properties, it is surprising that there have been only a few reports addressing the use of
mesoporous silica for gene delivery applications.24, 25
Acid-prepared mesoporous spheres (APMS), developed in our laboratory, can be
easily synthesized in about one hour, with control over particle diameter and pore
diameter provided by simple adjustments to the reaction conditions. Its spherical shape
allows for easy traceability during in vivo studies, and its pore diameter can provide
diffusion-based control of molecular uptake and release if it is close to the molecular
diameter.26 Additionally, we have shown that polymer-modified APMS are quickly
taken up by cells and are non-immunogenic and non-toxic.27 Other work has shown that
APMS are effective at increasing the amount of the chemotherapeutic drug doxorubicin
delivered to cells.26 APMS were also shown to take up linear double-stranded DNA at
various doping levels by simply varying their pore diameter or the type of cation present
during exchange.28 In this paper, we extend these studies to further examine the uptake
behavior of linear DNA into APMS and additionally we monitor the physical properties
affecting the rate of DNA release from the materials. This information is fundamental to
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our efforts to construct a non-viral gene delivery vector based on mesoporous silica, with
controllable uptake and release features that depend on the simple selection of synthesis
conditions and post-synthetic modifications.

7.2

Experimental

7.2.1 Materials and Methods
Double-stranded calf thymus DNA, consisting of approximately 2000 base pairs,
was purchased from Invitrogen and was used as supplied. Tetraethyoxysilane (TEOS,
98%) and cetyltrimethylammonium bromide (CTAB) were obtained from Aldrich. Parr
autoclaves were purchased from the Parr Instrument Corporation. Organic silane linkers
were purchased from Gelest Incorporated and used as received. All other chemicals were
purchased from Sigma and used as received.
Thermogravimetric analyses (TGA) were carried out on a Perkin-Elmer Pyris 1
thermogravimetric analyzer with a heating rate of 5 °C/min and N2 purge gas at a flow of
40 ml/min.

Nitrogen adsorption and desorption isotherms were obtained on a

Micromeritics ASAP 2010 instrument. Mesoporous silica was degassed overnight at 100
˚C under vacuum prior to measurement. Surface areas and pore size distributions were
calculated using the BET and KJS29 methods, respectively. Diffuse reflectance UVvisible spectra were recorded on a Perkin-Elmer Lambda 35 spectrophotometer with a
LabSphere integrating sphere. BaSO4 was used as the reference material, and the
Kubelka-Munk function was used to process the data. The solid-state
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29

Si MAS NMR

spectra were measured on a Bruker model ARX-500 spectrometer at a resonance
frequency of 99.35 MHz. The powdered samples were placed in 7.0 mm diameter
zirconia rotors and spun at a rate of 4.0 kHz. A 30 s recycle delay was used between
pulses. The chemical shifts were referenced to 3-(trimethylsilyl)-1-propanesulfonic acid
sodium salt. Calcinations to remove surfactant prior to modification were carried out in a
box furnace under conditions of flowing air. The following heating profile was used for
calcinations: 2o C/min ramp to 450o C, 240 min hold at 450o C, 10o C/min ramp to 550o
C, 480 min hold at 550o C.

7.2.2 Synthesis of APMS
APMS was synthesized by first stirring a solution of water (39.6 g), ethanol (100
wt%, 11.1 g, 232 mmol) and concentrated HCl (4.4 g, 12.2 M, 40 mmol). CTAB (1.8 g,
4.9 mmol) was then dissolved in this solution followed by TEOS (4.0 g, 19.2 mmol) and
NaF (4.76 g, 113 mmol). The mixture was stirred until it became cloudy (~ 90 s), at
which point it was immediately transferred to a Teflon bottle and heated at 100 ˚C for 45
min. The resulting mixture was cooled to room temperature, filtered, washed and
calcined. The average pore diameter of APMS could be easily increased by a previously
published method.30 In a typical preparation, calcined APMS (3 g) was suspended in
NH4OH (75 mL, 1 M, 75 mmol) in a Teflon bottle and the mixture was heated at 100 ˚C
for various times; longer reaction times yielded larger pores and broader pore size
distributions.
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7.2.3 Surface Modification of APMS
Surface modifications were carried out by reacting dry APMS (500 mg) with of
linkers

3-aminopropyltriethoxysilane

(APTES,

0.92

g,

4.15

mmol)

and

N-

trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (TMA, 2.14 g, 4.15 mmol).
Distilled toluene (20 ml) was added to the dried APMS under nitrogen. APTES was
added to the mixture and refluxed for 24 h while TMA was added and stirred at room
temperature for 12 h followed by heating at 70 oC for 12 h. The resulting suspensions
were filtered, washed with toluene and methanol, and dried overnight under heat and
vacuum to yield surface modified materials.

7.2.4 Preparation of Metal Loaded APMS
APMS was loaded with metals prior to DNA adsorption by stirring the calcined
material for 30 min in 0.1 M solutions of MgCl2. The mixture was filtered and the
procedure repeated twice.

The resulting metal doped APMS was dried at 100 oC

overnight.

7.2.5 DNA Adsorption Experiments
Adsorption isotherms were obtained by preparing a series of DNA solutions with
concentrations ranging from 1 to 1000 µg/mL in either a 0.1 M solution of magnesium
ions or pure water (for surface-modified APMS). In each experiment, 1 mL of each DNA
solution was applied to 10 mg of APMS or metal-exchanged APMS and the resulting
mixture was shaken overnight at room temperature. The mixtures were then centrifuged
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and filtered with 0.22 µm Millipore PVDF filters to ensure that all silica particles were
removed

from

the

solution,

which

minimizes

interference

in

subsequent

spectrophotometric experiments due to light scattering of suspended silica particles. The
amount of DNA adsorbed by APMS was calculated from the difference in the
concentration of DNA before and after addition of APMS, as determined by UV
absorption at 260 nm. Triplicate samples were run for each experiment. Blank solutions
were prepared by mixing 10 mg silica with water or buffer solutions.

Calibration

experiments were carried out to account for any changes in adsorption caused by the
presence of the magnesium ions. Data were fit to the Langmuir adsorption isotherm
model and the adsorption constant, KL and adsorption capacity, b, were determined.31

7.2.6 DNA Release Experiments
DNA release profiles were obtained by adding DNA doped APMS samples (30
mg) into PBS buffer (5mg/ mL PBS) under constant stirring at 37 oC. 200 µL samples
were withdrawn at given time intervals and replaced with fresh pre-heated solution. The
samples were centrifuged and filtered with 0.22 µm Millipore PVDF filters and analyzed
with UV absorption at 260nm. The absorbance was compared to calibration curves in
order to estimate the DNA present in the solution. A correction factor was introduced to
correct for the adjusted concentration of DNA, considering that the sample withdrawn is
replaced by fresh solution, according to Equation 1:32
C corrected = C t +

v
V

t −1

∑C
0
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t

(1)

where Ccorrected is the corrected concentration at time t, Ct is the measured concentration, v
is the volume of the sample taken and V is the total volume of the solution.

7.3

Results and Discussion
We have recently shown that APMS can be modified exclusively on its external

surface with organic moieties that enhance its uptake in cells.26 Our goal in creating a
non-viral transfection vector based on APMS is to use the large internal pore volume of
this material to package and protect DNA from damage during administration and to
enhance the total amount of material that is delivered to the cellular interior. This goal
requires demonstration that DNA can be successfully taken up and released by APMS,
which has been the focus of the current study and a recent publication from our group.27
APMS is easily prepared in less than 2 h by polymerizing silicon tetraethoxide,
Si(OEt)4, in acidic solution in the presence of a surfactant. EtOH, NaF, and a heating
step are used to control the rate of particle growth and nucleation.33 Depending on the
concentrations of the reactants, solvent, and co-solvent, particle diameters between 1 and
10 µm can be produced. In this study, APMS was prepared with a highly spherical,
monodisperse particle morphology and a diameter of approximately 2 µm. Scanning
electron microscopy (SEM) images of this material were identical to those shown in our
earlier work,28 and powder X-ray diffraction (XRD) showed a single broad diffraction
peak that indicated a disordered pore network, also consistent with previous data. Uptake
of DNA by APMS led to a drop in XRD peak intensity, indicating the presence of
molecules within the pores.34
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In order to study the effect of pore diameter on uptake and release, APMS was
first synthesized with an average pore diameter of 34 Å, and then this sample was split
into two portions that were post-synthetically treated with 1 M NH4OH to increase the
average pore diameter.35 Treatment for 45 min increased the average pore diameter to 54
Å, while treatment for 60 min increased the average pore diameter to 84 Å. These three
materials are abbreviated APMS-34, -54, and -84, respectively. All three materials were
then post-synthetically modified with either APTES or TMAPS, resulting in either amine
or trimethylammonium-terminated surfaces, respectively. These materials were
abbreviated AP-n or TMA-n, where n is the average pore diameter. We selected these
functionalities because they have been extensively studied in the binding and transfection
of DNA.24, 36 Our earlier work indicated that the type of cation present within APMS had
a strong effect on the amount of DNA that could be adsorbed.37 In aqueous solution near
physiological pH, the majority (but not all) of the amine groups in AP-n should be
protonated, while TMA-n should have a completely cationic surface. Materials that had
taken up DNA were given a DNA prefix, for example DNA-AP-n or DNA-TMA-n.
Finally, unmodified APMS-n were also ion exchanged with Mg2+ (abbreviated Mg-n) to
study the effect of using a fully exchangeable cation in adsorption and release. Synthesis
of APMS with three different pore diameters, each modified with two types of
functionalities, plus the three Mg+2-exchanged materials, gave a total of nine different
materials to be tested for DNA uptake and release.
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7.3.1 Physical Characterization of APMS and DNA-Loaded APMS
The results of N2 physisorption experiments to characterize the porosity of the
materials are shown in Table 7-1 and Figure 7-1.

Figure 7-2 shows the pore size

distribution of the three parent APMS materials. The parent material had a surface area
of 972 m2/g and a pore volume of 0.91 cm3/g after calcination, consistent with most
mesoporous materials. Treatment of the materials with NH4OH enlarged the pores of the
materials (Table 7-1). The data also show that pore enlargement had a significant effect
on the physical properties; as the average pore diameter increased, the surface area
decreased (although this trend was not directly observed for pore volume). These results
are consistent with our previous observations.

Table 7-1. Physical data of APMS materials.
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Ion-exchanging APMS with a solution of Mg2+ yielded the Mg-n materials. A
slight decrease in surface area was observed, which was likely due to propensity of silica
to slowly hydrolyze in aqueous solutions.38

Post-synthetic modification with

organosilanes further reduced the surface area and pore volume of all three materials. As
expected, the average pore diameter of the surface-modified materials was smaller than
the unmodified materials, with a decrease of approximately 6 – 9 Å compared to the
parent materials. This was due to pore closure as the internal pore surfaces became
decorated with organosilanes.

Figure 7-1. Nitrogen physisorption isotherms of undoped APMS-34, -54, and –84
and their derivatives: (a) Mg-APMS (b) AP-APMS and (c) TMA-APMS

165

The N2 physisorption isotherms (Figure 7-1) for all materials were Type IV, and the
capillary condensation region shifted to sequentially higher relative pressures as the pore
diameter increased. The hysteresis observed between adsorption and desorption branches
of the isotherms was consistent with materials with larger pores.39 Figure 7-2 shows the
average pore size distributions of the parent APMS-34, 54, and 84 materials.

Figure 7-2. Average pore size distributions of (a) APMS-34, (b) APMS-54, and (c)
APMS-84.
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Thermogravimetric analysis (TGA) was used to measure the amount of surface
modified with APTES, with the results listed in Table 7-2. In general, more APTES than
TMAPS was bound to the surface on a per gram basis, with a maximum extent of
modification measured at 3.0 mmol/g for material AP-34. The difference in surface
coverage could be due to the increased solubility of APTES relative to the TMAPS
during the modification of the silica. This would be expected to make a difference since
the silica surface is considered to be more hydrophilic.40

The extent of surface

modification with the organosilane linkers decreased as the pore diameter of the parent
material increased. This was likely due to the smaller surface areas of materials with
larger pore diameters. Normalization of the previous values with the surface area of the
parent material revealed that the extent of modification was more consistent among the
materials with different pore diameters. AP-APMS materials had between 3.0 and 4.0
µmol/m2 organic linker, whereas the TMA-APMS materials had between 2.0 and 2.5
µmol/m2.

Table 7-2. Physical data of APMS materials.
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29

Si MAS NMR was used to confirm that both types of organosilane linkers were

covalently bound to the APMS surfaces. The spectra are shown in Figure 7-3. After
calcination, the parent material APMS-34 was highly condensed, as shown by the large
Q4 peak (Q4 = Si(OSi)4; Q3 = Si(OSi)3(OH)). The Q4/Q3 peak area ratio in this material
was 1.8. In contrast, AP-34 had a Q4/Q3 ratio of 2.1, indicating that APTES had reacted
with the terminal silanol groups of APMS-34. In addition, T3 (RSi(OSi)3) and T2
(RSi(OSi)2(OH)) peaks appeared in the spectrum of AP-34. The T3 peak corresponded to
organosilane molecules that were fully bound to the surface or to other organosilanes
(RSi(OSi)3), while the T2 peak corresponded to an organosilane that was incompletely
condensed (RSi(OSi)2(OH)). Modification with TMAPS to produce TMA-34 showed a
larger Q4/Q3 ratio (2.7) than AP-34. However, a comparison of the T3/T2 ratios of the
two samples indicated a larger number of silanol groups in TMA-34 than in AP-34 (T3/T2
= 0.5 versus 2.2). One reason for this difference is that the reaction between APTES and
APMS-34 was more complete than the reaction between TMAPS and APMS-34, leading
to a larger fraction of organosilanes condensed onto the surface. In addition, since
condensation between organosilanes cannot be distinguished from condensation of an
organosilane to the surface, the results may indicate that APTES reacts with itself more
readily than TMAPS, leading to a larger fraction of incompletely condensed
organosilanes. This observation has also been made by other researchers.41
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Figure 7-3.

29

Si MAS NMR of (a) APMS-34, (b) AP-34, and (c) TMA-34.

DNA loading was accomplished by stirring the mesoporous solids in DNA
solutions that would saturate the APMS with DNA, as determined by the adsorption
experiments. In the case of Mg-34, unmodified APMS-34 was ion–exchanged with Mg2+
ions prior to DNA exposure. To make a qualitative determination of the amount of DNA
present in the solids, APMS-34, DNA-Mg-34, DNA-AP-34, and DNA-TMS-34 were
analyzed by diffuse-reflectance UV-Visible spectrophotometry (DR-UV/Vis, Figure 7-4).
Adsorption of DNA molecules is commonly observed near 260 nm.
APMS-34 showed no absorbance.

As expected,

However, all DNA-exchanged materials showed

peaks at approximately 263 nm. Based on the intensities of these peaks, adsorption of

169

DNA increased in the order Mg-34 < AP-34 < TMA-34, with TMA-34 appearing to
adsorb significantly more DNA than the other samples.

Figure 7-4.

Diffuse-reflectance UV/Vis spectrophotometry of (a) APMS-34, (b)

DNA-Mg-APMS-34, (c) DNA-AP-APMS-34, and (d) DNA-TMA-APMS-34.

This is somewhat surprising given that divalent metal cations typically enhance DNA
adsorption more than monovalent metal cations, but it is consistent with our previous
results comparing the adsorption of DNA into Mg-34 and AP-34.

Since TMA-34

actually had a lower overall organic content than AP-34 and therefore had a lower total
number of cations per unit surface area (see Table 7-2), we can conclude that the type of
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linker (primary amine versus ammonium) has an influence on their binding ability.
Finally, the slight difference in peak positions between Mg-34 and the other two samples
may indicate a difference in the strength of the cation-DNA interaction in each sample.42

7.3.2 DNA Adsorption Studies
We have previously shown that DNA adsorption in mesoporous silica can
reasonably studied by applying a classical Langmuir adsorption isotherm (Equation 2) to
adsorption data, which assumes monolayer adsorption onto a homogeneous surface
containing energetically equal binding sites.28 Although it is an approximation in this
case, using the Langmuir model allows comparison between related data sets.
Ce =

K L bCs
(1+ K L Cs )

(2)

In this equation, Ce = the amount of DNA adsorbed onto the silica, Cs = the DNA
concentration of the solution, b = the theoretical maximum adsorption capacity of the
solid, and KL = the Langmuir constant. Of particular interest in these studies was the
theoretical maximum adsorption capacity (Table 7-2). The concentrations of DNA that
were adsorbed by solids were determined by using UV/Visible spectrophotometry to
measure the difference between the amount of DNA in solution before and after the
porous solids were added.

TMA-modified samples showed the highest adsorption

capacity (b), followed by the AP-APMS and Mg-APMS. For example, the maximum
adsorption capacities of TMA-54 and AP-54 were 61.5 and 16.5 µg/mg, respectively.
However, the amine group showed the strongest interaction with DNA, as measured by
the Langmuir constant (KL). Several groups have studied the adsorption of DNA with
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different amine linkers and noted the differences that existed in their interaction with
DNA.

36, 43-46

Specifically, it was proposed that primary amines were able to engage in

stronger interactions with DNA because the unshielded charge on the amine group was
able to come into close contact with the phosphate group of DNA, in contrast to the
interaction with a quaternary amine.44, 46 Additionally, the presence of hydrogen atoms
on the amine center was thought to enhance the binding of DNA through hydrogen
bonding.47 The adsorption constants determined here are consistent with this trend, with
AP-APMS materials showing the largest Langmuir adsorption values.
Although they might be expected to adsorb DNA more effectively, materials with
larger pores did not necessarily show larger values of b than those with smaller pores.
This was because once the linear DNA (cross-sectional diameter ≈ 19 Å) could fit
effectively within the pores, the amount of DNA that was adsorbed became limited by the
surface area of the material and the number of cations, rather than by diffusion. Materials
with pore diameters larger than 34 Å generally had very similar values of b when the data
was normalized to the amount of organosilane; thus, we can conclude that diffusion plays
a role in the adsorption of DNA by materials with pores diameters close to the diameter
of the DNA.

7.3.3 Influence of Pore Diameter on DNA Release from Mg-APMS
Other groups have previously shown that the pore diameter of a porous solid
affects the amount of biomolecules that can be released from, as well as adsorbed by, a
porous solid.14,

17, 22, 48

To test the effect of pore diameter on DNA release in our
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materials, the solids from the previous study were placed in solutions of phosphatebuffered saline (PBS) solutions at 37 ˚C, and the concentration of DNA in the solution
was monitored using UV/Visible spectrophotometry and a previously established
calibration curve. The release profiles are shown in Figure 7-5.

Figure 7-5. DNA release profiles for DNA-Mg-APMS-34(■), -54(●) and -84(▲).

The amount of DNA released is expressed both as µg DNA/mg APMS and as a
percentage of the adsorbed amount of DNA. Of the Mg2+-loaded materials, Mg-34
released the highest overall percentage of DNA. Although all three materials showed an
initial rapid release of DNA, Mg-34 continued to release DNA slowly over the entire
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time of the measurement while Mg-54 and -84 did not release a significant amount of
DNA after approximately 2 h. One explanation for the difference in both the rate of
release and the percentage of DNA released is that the pores of Mg-34 were too small to
effectively adsorb the DNA.

Consequently, it was located primarily either on the

external surfaces of the particles or remained near the pore entrances, because it was not
able to effectively diffuse into the particles. In contrast, the increased pore diameter of
Mg-54 and -84 allowed the DNA to interact with the Mg2+ cations more effectively,
leading to stronger binding, because the DNA macromolecule could diffuse more fully
into the pores leading to an increase in the number of interactions between the
organosilane linker and phosphate backbone of the DNA.

Thus, the release curve

reached a plateau after the initial burst of DNA from weakly held molecules. In addition,
Mg-54 and -84 could accommodate more DNA overall, implying that the DNA more
thoroughly penetrated into the internal pore volume of the particles, which was also a
feature related to the larger pore diameter. Thus, although the percentage of DNA
released was lower for materials with larger pores, when the amount of DNA released
was normalized for the mass of APMS the ultimate DNA release of all three materials
was approximately equal after 12 h. Importantly, the major difference was that the Mg54 and -84 retained a larger reserve of DNA, which could be released at a later point if
allowed to re-equilibrate with a fresh PBS solution.
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7.3.4 Influence of Surface Linkers on DNA Release
DNA release from organosilane-modified materials was also studied. Release of
DNA from the AP-modified materials is shown in Figure 7-6. The most striking feature
of this plot is that the percentage of DNA released was significantly less than for Mgexchanged materials, which was consistent with the larger Langmuir binding constants
for AP and the other reports showing that a strong hydrogen-bonding interaction occurs
between primary amines and the phosphate backbone of DNA.43, 44, 46 The overall DNA
release profiles are similar to those of Mg-APMS, and the amount of DNA released from
AP-APMS stabilized after approximately 6 h.

Figure 7-6. DNA release profiles of DNA-APMS-AP-34(■), -54(●) and -84(▲).
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Also consistent with the previous data, AP-34 showed a higher percentage of released
DNA than AP-54 or -84, leading to the same conclusions regarding pore diameter and
binding strength: increased penetration of the DNA into the pore led to an increase in the
number of DNA-amine interactions on a single DNA strand. However, AP-34 and -54
both released more DNA than AP-84, indicating that the latter material not only adsorbed
the most DNA but also bound it more strongly than the other materials.
The release of DNA from the TMA modified materials is shown in Figure 7-7.
As with the AP-APMS materials, the percentage of DNA released was much lower than
that of Mg-APMS due to the stronger interaction between the DNA and the ammonium
linker.

TMA-APMS released more DNA than AP-APMS as a percentage of the

maximum DNA adsorbed. The trend followed what would be expected from the
calculated equilibrium constants: the larger values associated with the AP-APMS were
indicative of a stronger APMS-DNA interaction. The absolute release levels are very
high for TMA-APMS, with TMA-54 releasing the greatest amount of DNA followed by
TMA-84 and -34.

This large difference in release mirrored the large difference in

adsorption observed relative to the other linkers used. Within the group of TMA-APMS
materials, the release trend is also consistent with adsorption data, with TMA-54 showing
the largest total amount of DNA released.
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Figure 7-7. DNA release profiles of DNA-TMA-APMS-34(■), -54(●) and -84(▲).

As mentioned in the previous section, the strength of the AP-DNA interaction might
prevent full adsorption of DNA into the pore of the AP-APMS compared to TMAAPMS. A comparison of the porosity of the solids after DNA adsorption (Table 7-1)
supported this finding, as AP-APMS showed a larger drop in pore volume after DNA
adsorption. This indicated that the existence of pore blockages around the pore opening.
Overall, the adsorption capacity of TMA materials suggested that the quaternary amine
linker was very favorable for adsorption of DNA, but the weaker interaction, as revealed
by the Langmuir adsorption constants, relative to the AP linker allowed for a larger
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amount of DNA release in solution. Consideration of these effects would allow for
greater control of dosage when designing a delivery system.

7.3.5 Time-Dependent Release Studies
The release of guest molecules from solid matrices are often described kinetically
by the Higuchi model:49
Mt
= Kt 1 / 2
M∞
where Mt/M∞ is the fraction of DNA released at time t, and K is a proportionality
constant. This method allows for a simplified semi-quantitative comparison of various
materials. A plot of the cumulative DNA release versus square root time is shown in
Figure 7-8 and the proportionality constant is reported in Table 2. In general, K, which is
related to the diffusion constant of these materials, was largest for the Mg-APMS and
smallest for the AP-APMS. This trend, in conjunction with the calculated Langmuir
equilibrium constants, highlights the importance of the strength of the DNA-linker
interaction in determining both total amount of DNA release and the rate of release.
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Figure 7-8. Cumulative release of DNA from APMS-34(■), -54(●) and -84(▲) as a
function of t1/2.

As seen in the Higuchi plots, all of the data showed two-step release trends
consisting of an initial burst followed by slow release. According to the model, a linear
relationship is indicative of a purely diffusion controlled process. Our findings suggest
that DNA release was influenced by other factors. A similar release pattern for guest
molecules on silica has been noted by other groups.50,

51

They attributed the release

behavior to the initial leaching of the weakly adsorbed molecules in the mesopores
followed by the slow release of the strongly held guest molecules that are able to interact
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with the surface silanol groups (or organic moieties). Others have also suggested that a
non-linear release pattern results from the dissolution of silica during release.48 Indeed,
porosity measurements of the APMS materials after release showed a significant
degradation of the pore structure during the release experiments, likely due to the
hydrolysis of the silica in the aqueous medium (data not shown). Overall, the release
kinetics showed that the release of DNA from APMS was not governed solely by
diffusion; it was most likely also influenced by incomplete adsorption of DNA into
APMS, strong APMS-DNA interactions that hinder diffusion, and the breakdown of
silica during release.

7.3.6 Adsorption Mechanism
The adsorption process at the liquid-silica interface is complex and includes
contributions from Coulombic and hydrophobic interactions, conformational changes,
solvation, hydrogen bonding, as well as van der Waals interactions. The adsorption of
biopolymers such as DNA to silica has been described to be mainly driven by
electrostatic, surface dehydration, and hydrogen bonding interactions.52

Although

advanced descriptions can clarify the contributions of each factor, simply measuring the
equilibrium adsorption isotherms at different temperatures can provide a reasonable
estimate of the overall energy of adsorption. In order to study the binding energy,
adsorption isotherms were measured at various temperatures for Mg-, AP-, and TMAAPMS-34 (Figure 7-9). The maximum adsorption capacity increased for all materials as
the temperature increased from 4 oC to 40 oC. This behavior is indicative of a dominant
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dehydration effect as the layers of water are excluded from the silica and DNA surfaces
to favor the adsorption of DNA.52

Figure 7-9. DNA adsorption profiles at various temperatures for materials a) Mg-34,
b) AP-34, and c) TMA-34.

Similar to the earlier determinations, the adsorption data was fitted to the Langmuir
adsorption model and the equilibrium constant determined. Figure 7-10 shows a plot of
natural logarithm of the Langmuir constant, KL, versus 1/T (Van’t Hoff plot). From this
data the heat of adsorption was measured to more favorable for TMA-34 over AP-34,
with values of -33.7 KJ/mol and -9.5 KJ/mol, respectively. Data for Mg-34 did not
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produce a linear plot. This could be due to the inaccuracy in measurement as the
adsorption constants are difficult to measure, or because the adsorption enthalpy has a
slight temperature dependence. Only a qualitative description of the weaker heat of
adsorption between DNA and silica could be inferred. Overall, the measured heat of
adsorption of DNA to TMA-APMS-34 appears to be more favorable than both AP and
Mg-APMS-34.

Figure 7-10. Van’t Hoff plot for materials AP and TMA-APMS-34.
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This finding is contradictory to the previous observations and the fact that the larger
equilibrium adsorption constant of the AP-APMS materials suggests a more favorable
adsorption process (i.e. ∆Gads = − RTLnK eq ). A possible explanation might come from
entropy effects. Consideration of the difference in the linkers during adsorption would
suggest a larger entropy gain for AP-APMS during adsorption. Specifically, the TMA
linker is charge balanced with a single Cl- anion while the AP linker is able to coordinate
up to three water molecules through hydrogen bonding interactions.

These water

molecules are excluded during DNA adsorption, resulting in a net entropy gain from the
release of the three water molecules for a single DNA molecule. This dehydration effect
has been noted elsewhere to be a main driving force for DNA adsorption .52

7.4

Conclusions
In order to gain further information about the behavior of a non-viral mesoporous

silica gene-delivery system, the uptake and release of linear DNA with mesoporous silica
was studied with respect to both the pore size and type of linker used to bind DNA to
silica. Uptake was found to vary with both pore diameter and the type of surface linker.
In general, a larger pore diameter allows for increased uptake of DNA as diffusion
limitations are overcome, however, a concurrent decrease in the surface area of the silica
eventually reduces the maximum amount of DNA able to be taken up. Additionally,
DNA uptake was found to increase by covalently modifying the silica surface with amine
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linkers over magnesium ions. A tertiary amine was found to uptake significantly greater
amounts of DNA over a primary amine linker.
Release rates of DNA into PBS solutions were also dependent on the pore size
and surface linker. Smaller pore materials generally released DNA more quickly. This is
likely due to diffusion limitations of DNA into the internal pore of APMS thereby
causing weak DNA-silica binding. The use of amine linkers increased DNA uptake
significantly, however, the resulting strong binding significantly decreases the percent
release of adsorbed DNA. Adsorption studies revealed that quaternary amine linkers
uptake more DNA than a primary amine linker. Thermodynamic analysis showed that
the overall adsorption process to the quaternary amine modified APMS is more favorable
than APMS modified with a primary amine.
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8.

Synthesis of a Micrometer-Sized Mesoporous Carbon Bead for Enhanced DNA
Adsorption

8.1

Introduction
Research in our laboratory has been focused on developing mesoporous materials

with a spherical morphology called APMS (acid-prepared mesoporous spheres). This
material can be easily synthesized in less than two hours, and has physical properties that
can be controlled, with particle diameters between 1-10 µm and pore diameters between
30 and 100 Å. This material has been shown to be effective for use in catalytic [1-3],
chromatographic [4, 5], and biological applications [6]. In particular, APMS was shown
to be effective at adsorbing and releasing high levels of DNA depending on the both the
pore diameter of the material as well as from surface modifications with organic
moieties[7]. Similar research showed that APMS was highly effective at delivering the
chemotherapeutic drug doxorubicin [6]. Because of its spherical shape, APMS has the
added advantage of being easily distinguishable from biological tissues under
fluorescence microscopy, which is particularly useful when tracking the material in
biological applications.
More recently, researchers have been using mesoporous silica as a hard template
for creating new non-silica mesoporous materials. Examples of these materials include
metal oxides such as cobalt and tin oxide [8], polymers [9], and graphitic carbon [10, 11].
The typical approach for synthesis of the latter material involves the nano-casting route,
in which porous silica is infiltrated with a carbon precursor such as sucrose or furfuryl
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alcohol, followed by subsequent heating to form a polymer network, high-temperature
carbonization, and finally removal of the silica template with NaF or NaOH to leave a
reverse imprint of the original mesoporous silica material.
Several groups have used spherical materials similar to APMS as templates in the
synthesis of carbon materials [12, 13]. One common approach is the use of spherically
shaped colloidal silica as the template for producing spherical pores under an
exotemplating scheme [14]. Much less work has been done in creating spherical carbon
beads in the 1-2 µm range.

Silica particles in this size range are important for

applications such as high-performance liquid chromatography (HPLC) and were also
recently shown to be non-toxic for in vivo studies [5, 15]. Furthermore, controlling the
resulting pore diameter of the mesoporous carbon is important, since this parameter
affects the ability of the particles to be used for specific applications. Since the pore
diameter of the mesoporous carbon is usually dependent on the wall thickness of the
parent silica [16], varying the synthesis conditions during the initial silica synthesis to
produce materials with different wall thicknesses imparts control over the pore diameter
of the final carbon material [17]. Alternatively, it has been shown that altering the
synthesis conditions during the nano-casting step can also affect the pore diameter of the
resulting material [18].
Although activated carbon is well known for its use in adsorption, it, along with
other materials such as carbon nanotubes, have also been evaluated for use in biological
applications [19].

These materials are attractive because of non-graphitic carbon’s

inherent non-toxicity as well as its high adsorption capacity and ability to be chemically
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modified for various applications [20]. More recently, a few authors have begun to study
mesoporous carbon in biological applications [21-23]. These materials have a significant
advantage over activated carbon in that the pore diameter is significantly larger and can
accommodate bulky molecules, including biomolecules such as proteins. Additionally,
chemical modification of the carbon surface via oxidative techniques followed by
reactive coupling with organic linkers such as primary amines has been shown to
improve adsorption [24-27].
In this paper, we show that APMS can be used as a hard template in the synthesis
of a well-defined, spherically-shaped mesoporous carbon material using furfuryl alcohol
as the carbon precursor. Additionally, the pore diameter of the resulting carbon material
was controlled simply by treating the parent APMS in ammonium hydroxide. Adsorption
of double-stranded DNA by mesoporous carbon was also performed, and DNA uptake
was enhanced as much as ten-fold over APMS. Adsorption was found to be dependent
on the pore diameter of the material as well as on the type of surface modification. These
results imply, provided they prove to be non-toxic, that carbon APMS materials could be
used as drug delivery devices where high levels of drug loading are desirable.
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8.2

Experimental

8.2.1 Materials and Methods
Tetraethyoxysilane (TEOS, 98%) and cetyltrimethylammonium bromide (CTAB)
were obtained from Aldrich. Parr autoclaves were purchased from the Parr Instrument
Corporation. All other chemicals were purchased from Sigma and used as received.
Nitrogen adsorption and desorption isotherms were obtained on a Micromeritics Tristar
3000 instrument. Mesoporous samples were degassed overnight at 150 ˚C under flowing
nitrogen prior to measurement. Surface areas and pore size distributions were calculated
using the BET and KJS methods, respectively. Calcinations to remove surfactant prior to
modification were carried out in a box furnace under conditions of flowing air. The
following heating profile was used for calcinations: 2o C/min ramp to 450o C, 240 min
hold at 450o C, 10o C/min ramp to 550o C, 480 min hold at 550o C. Ultraviolet/visible
(UV/Vis) spectra were obtained on a Perkin-Elmer Lambda 35 instrument. Fourier
transfer IR (FTIR) spectra were obtained with a Perkin-Elmer system 2000 spectro
photometer.

8.2.2 Synthesis of APMS
The synthesis of the APMS was carried out as described earlier. Briefly, a typical
synthesis begins by first stirring a solution of water (39.6 g), ethanol (100 wt%, 11.1 g,
232 mmol) and concentrated HCl (4.4 g, 12.2 M, 40 mmol). CTAB (1.8 g, 4.9 mmol)
was then dissolved in this solution followed by TEOS (4.0 g, 19.2 mmol) and NaF (4.76
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g, 113 mmol). The mixture was stirred until it became cloudy (~ 90 s), at which point it
was immediately transferred to a Teflon bottle and heated at 100 ˚C for 45 min. The
resulting mixture was cooled to room temperature, filtered, washed and calcined. The
average pore diameter of APMS could be easily increased by a previously published
method[28]. In a typical preparation, calcined APMS (3 g) was suspended in NH4OH (75
mL, 1 M, 75 mmol) in a Teflon bottle and the mixture was heated at 100 ˚C for various
times; longer reaction times yielded larger pores and broader pore size distributions.

8.2.3 Preparation of Carbon Mesoporous Silica, CAPMS
The carbon replica of APMS was prepared by modification of a previously
published procedure [8]. In a typical reaction, furfuryl alcohol (0.71 g, 7.1 mmol) and
mesitylene (4.85 g, 40.3 mmol) were mixed in a Teflon bottle with oxalic acid (2.6 mg,
0.029 mmol). Calcined APMS (1 g) was then added and the container was placed in an
oven at 60 oC for one day, followed by 80 oC for one day. After cooling to room
temperature, the composite material was placed in a tube furnace and heated under
flowing nitrogen to 900 oC. Finally, the silica template was removed by stirring the
pyrolyzed material in an aqueous HF solution (10%) for several hours before filtering and
drying the carbon material.
CAPMS materials were oxidized in nitric acid in order to introduce surface
carboxylic acid groups onto the material. In a typical reaction, dry CAPMS (0.2g) was
added to a 1M nitric acid solution (5mL) and the solution was heated at 80 oC for 2 h.
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The oxidized material, O-CAPMS, was filtered and washed extensively with water until
the pH of the filtrate was above 6.

8.3

Results and Discussion

8.3.1 Physical Characterization
The physical properties of the parent APMS materials used in this study are
shown in Table 8-1. The surface area and pore volume of the material were 764 m2/g and
0.95 cc/g, respectively. These are consistent with previously published values [2]. The
synthesis of the inverse carbon replica was performed using a solution of furfuryl alcohol
(FA) in mesitylene. It is well established that furfuryl alcohol in a non-polar solvent is
able to saturate the pores of silica materials [29]. In order to optimize the physical
properties of the resulting mesoporous carbon, the percent composition of the furfuryl
alcohol was varied, from 5-60% (Table 8-1).

The corresponding N2 physisorption

isotherms are shown in Figure 8-1.

Table 8-1. Physical properties for the parent silica APMS, as well as the composite
carbon-silica (CSAPMS), and replica (CAPMS), synthesized with various furfuryl
alcohol concentrations.
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The carbon-silica composite materials, CSAPMS, all showed a significant decrease in
surface area and pore volume versus the parent APMS with a consistent reduction in both
properties as the concentration of the FA was increased. This trend suggested that the
higher FA concentration is more fully saturating the pores of APMS with the carbon
precursor. The pore volume and surface area of the carbon replica increased as the
percent composition of furfuryl alcohol was increased from 5% to 10%. The 5% FA
solution likely collapsed under silica removal resulting in the decrease in surface area and
pore volume. Increasing the FA composition above 10% resulted in carbonized APMS
with decreased porosities.

Correspondingly, the N2 physisorption traces showed a

decrease in the total volume of adsorbed nitrogen.

Figure 8-1.

N2 physiorption isotherms and pore size distributions for CAPMS

synthesized with various furfuryl alcohol concentrations.
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The average pore diameter of the resulting CAPMS materials measured from the pore
size distributions shown in Figure 8-2, increased from approximately 23 Å for CAPMS
prepared from the 5% solution of FA to about 52 Å for the material made with the 60%
FA solution.

Figure 8-2.

Pore size distribution for CAPMS synthesized with various FA

concentrations.

The N2 physisorption analysis of APMS that was treated with a 10% furfuryl
alcohol before removal of the silica showed a significant decrease in the volume of
adsorbed N2, as shown in Figure 8-3. This decrease indicated that the pores of the APMS
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were being filled with the furfuryl alcohol polymer. The corresponding surface area and
pore volume of the composite material also decreased to 290 m2/g and 0.35 cc/g. Indeed,
APMS samples that were saturated with increasingly concentrated furfuryl alcohol
solutions showed a decrease in surface area and pore volume after carbonization (Table
8-1), with the sample prepared from the 60% furfuryl alcohol solution showing very little
porosity.

Figure 8-3.

N2 physisorption isotherms and pore size distributions for APMS,

CSAPMS, and CAPMS.
Removal of the silica template by exposure of CAPMS to HF restored the porosity of the
material, giving a surface area and pore volume of 1784 m2/g and 2.59 cc/g, respectively.
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This represented a 134% increase in surface area over the parent APMS. The average
pore diameter of the resulting CAPMS material was slightly greater than the parent
APMS (38 Å compared to 34 Å). These data suggest that the furfuryl alcohol was able to
wet the pore walls of APMS to produce pores in the CAPMS material that were similar in
diameter to the APMS template. However, porosity is also expected to result from the
void space remaining after dissolution of the silica walls. As the furfuryl alcohol content
was increased, the pores of the APMS became increasingly filled with polyfurfuryl
alcohol, such that the resulting porosity of the CAPMS material was eventually
dominated by the void space created by the silica walls. This was shown by the increase
in the average pore diameter of CAPMS as the concentration of furfuryl alcohol in the
precursor solution was increased. A graphic depiction of the synthetic control over the
pore diameter is shown in Figure 8-4.

Figure 8-4. Schematic showing the proposed synthesis of CAPMS.
Powder X-ray diffraction patterns of the parent silica APMS and corresponding
CAPMS material are shown in Figure 8-5. The presence of only a single diffraction peak
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at approximately 2.4o for APMS is indicative of its disordered pore network [4, 30]. The
XRD pattern for the replicated CAPMS material also shows a single, broad diffraction
peak indicating that the disordered structure is retained.

However, the shift in the

CAPMS peak to a lower angle and the increase in its broadness are indicative of the
broader pore-size distribution resulting from the evolution of the bimodal pore size
distribution discussed earlier.

Figure 8-5. Powder XRD spectra of parent silica APMS and carbonized CAPMS
replica.
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Figure 8-6. SEM images of the APMS (a), and CAPMS synthesized from furfuryl
alcohol solutions: (b) 10%, (c) 20%, and (d) 30%. Scale bar = 5 µm.
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Scanning electron microscopy (SEM) images, shown in Figure 8-6, of the various
silica and carbon APMS materials reveal the importance of FA concentration in
producing spherical particles.

APMS possessed a spherical shape with a particle

diameter of about 2 µm. CAPMS synthesized with 10% FA retained the spherical shape
of APMS after removal of the silica; however, the average particle diameter decreased
slightly which was likely due to contraction of the polyfurfuryl framework upon
carbonization [31]. As the FA content was increased to 20 and 30%, an increase in
particle-particle agglomeration was observed as the excess FA saturated the pores of the
APMS and led to interconnections with neighboring particles and a decrease in the
particle monodispersity.
We have previously shown that the method of Mou was effective at controlling
the pore diameter of APMS [28]. This method uses ammonium hydroxide at advanced
temperatures to hydrolyze surface silanol groups, which consequently results in enlarged
pore diameters. Longer exposure to the ammonium hydroxide solution resulted in larger
pores. In the context of this study, we reasoned that using APMS with large pores as the
template should correspondingly yield CAPMS with large pores. The porosity data of
APMS exposed to NH4OH for several lengths of time for these samples are shown in
Table 8-2 and the corresponding pore size distributions are shown in Figure 8-7. As
expected, producing carbon replicas of these APMS samples using a 10% FA solution
resulted in CAPMS with increasing pore diameters. From this data, a linear relationship
could be established between the two sets of pore diameters (Figure 8-7, inset). Noting
that the increase in CAPMS pore diameter does not directly correspond to the increase in
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APMS diameter suggests that the FA layer became thicker as APMS pore diameter
increased. This could be due simply to increased FA diffusion within larger pores.
Overall, the average pore diameter of CAPMS could be accurately controlled between
30-70 Å through pre-treatment of the parent APMS sample in NH4OH.

Figure 8-7. Pore size distributions of APMS and corresponding carbon CAPMS
replicas. A plot of the relationship between the average pore diameter of APMS and
CAPMS is shown in the inset.
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Table 8-2. Physical properties of pore-expanded APMS and the corresponding carbon
replica (CAPMS).
Adsorption of molecules to a surface is driven by numerous interactions.
Specifically, adsorption contributions from electrostatic and dipole interactions are
known to provide a significant contribution to the adsorption process [32]. It has been
well established that carbon based materials with polar surface oxygen groups such as
carbonyls and lactones can be used as anchoring points for enhanced adsorption [33, 34].
In order to study how DNA adsorption to CAPMS was influenced by the presence of
increased surface oxygen groups, CAPMS was exposed to a 1 M HNO3 solution for
several hours to oxidize the carbon surface.

FTIR spectra of the materials before

(CAPMS) and after (O-CAPMS) are shown in Figure 8-8. The untreated sample showed
only weak absorption bands around 1580 and 1100 cm-1 while the treated sample showed
weak absorption bands at 1730, 1584, and a strong band at 1095 cm-1.
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Figure 8-8. IR spectrum of a) CAPMS and b) O-CAPMS.

The bands at 1730 and 1584 are attributed the stretching vibration of carboxyl groups and
to aromatic ring stretching coupled to conjugated keto groups, respectively [22]. The
band at 1095 cm-1 is due to the stretching vibration of C-O bonds [25]. Clearly, exposure
of CAPMS to HNO3 resulted in increase in the number of oxygen-containing groups on
the material’s surface.

8.3.2 Adsorption of DNA to CAPMS
Incubating CAPMS samples with a solution of calf thymus DNA overnight
resulted in the adsorption of DNA to CAPMS, as determined by a decrease in the UV-Vis
spectrum of the supernatant after centrifuging and removing the CAPMS-DNA solution.
DNA-loaded CAPMS had a surface area and pore volume of 976 m2/g and 0.92 cc/g,
respectively, as compared to 1784 m2/g and 2.6 cc/g for unloaded CAPMS. This is
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similar to what was observed in our studies of DNA adsorption to APMS and was
attributed to DNA adsorption within the internal pore volume of the CAPMS [7].
DNA adsorption profiles for APMS and CAPMS are shown in Figure 8-9. The
adsorption capacity of the parent APMS was very small, with a Langmuir saturation
capacity reached at approximately 2 µg DNA / mg APMS. After carbonization of APMS
in 10% furfuryl alcohol (CSAPMS), the adsorption capacity increased to approximately
37 µg/mg.

Figure 8-9. DNA adsorption isotherms onto the a) parent silica APMS, b) CSAPMS,
c) O-APMS, d) CAPMS, e) pore-enlarged CAPMS.
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This indicated that there was a favorable interaction between the carbonized pore wall of
the silica and DNA. However, overall adsorption was hindered by the low overall
surface area and pore volume of the composite material. Following the removal of the
silica template to produce CAPMS, adsorption capacity increased further; although it did
not reach complete saturation, fitting the data to the Langmuir equation indicated that the
maximum adsorption capacity was approximately 100 µg/mg. To determine whether the
pore diameter of the CAPMS had an influence on the adsorption, CAPMS with an
average pore diameter of 64 Å (synthesized as discussed above) was also tested. This
material was calculated to have a maximum adsorption capacity 120 µg/mg. Overall, the
adsorption capacity of the large-pore CAPMS was 60 times greater than the amount of
DNA adsorbed to the parent APMS. Despite the difference in surface area between the
two materials, the large increase in adsorption of the carbonized material suggested that
the dominant contribution to adsorption came through non-specific dispersion-repulsion
interactions, which are characteristic of carbonized materials [32]. Recent theoretical
calculations have shown there is a very strong attraction between the hydrophobic region
of the DNA molecule and a graphitic carbon surface [35].
O-CAPMS showed a reduced DNA adsorption capacity compared to the
unmodified materials (Figures 8-9, 8-10). This suggested that the introduction of more
hydrophilic surface oxygen groups does not aid in the adsorption of DNA and that the
adsorption process is driven more strongly through non-specific dispersion interactions
[32]. Considering that the DNA molecules adsorb roughly parallel to polar surfaces
through the phosphodiester backbone and to non-polar surfaces through the exposed
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hydrophobic end of the molecule, it could be reasoned that the adsorption to the polar OCAPMS material is more sterically hindered than adsorption to the non-polar CAPMS
material.
To obtain a more accurate comparison of the adsorption characteristics of the
materials in this study, the adsorption profiles were normalized to the surface areas of
each sample. This data is shown in Figure 8-10.

Figure 8-10. Normalized DNA adsorption isotherms onto a) parent silica APMS, b)
O-APMS, c) CAPMS, d) pore-enlarged CAPMS, e) CSAPMS.
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In general, all of the carbonized APMS materials showed enhanced DNA adsorption in
comparison to the parent APMS. The composite CSAPMS showed the highest specific
adsorption; however, this is more a consequence of its small surface area than large
uptake capacity. Of the remaining materials, those with larger pores showed higher
specific adsorptions, consistent with their increased diffusion properties and larger
surface areas.

8.4

Conclusions
We have successfully shown that a mesoporous silica with spherical particle

morphology can be used as a template for the synthesis of mesoporous carbon spheres.
The synthesis method involved polymerizing furfuryl alcohol within the pores followed
by pyrolysis and then dissolution of the silica with HF. Synthetic studies revealed that
the concentration of the furfuryl alcohol monomer was important to maximize the
porosity of the resulting material as well as to avoid interparticle agglomeration. Based
upon these studies, a model was presented whereby the carbon precursor coated the pore
surfaces of APMS and the porosity of the carbon replica resulted from both templated
silica pores and the void space left over after dissolution of the silica. Additionally, the
average pore diameter of the carbon replicas could be controlled from ~30 Å up to ~70 Å
through a simple pre-treatment of the APMS in NH4OH.
Adsorption studies of the CAPMS materials with DNA showed an up to 60 fold
increase in adsorption capacity for DNA over the parent siliceous APMS material.
Oxidation treatment of CAPMS in nitric acid to expose oxygen-containing functional
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groups on the carbon surface did not enhance DNA adsorption; however, adsorption
increased when large pore CAPMS was used as the substrate. This suggested that
adsorption of DNA was diffusion-limited in materials with small pores. Overall, these
findings are useful in our ongoing construction of more effective drug and gene delivery
vehicles.
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